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Fluvial islands can develop from the channel bed by interactions between pioneer trees and bars. Although
vegetation recruitment and survival is possible on all bar types, it is easier for trees to survive on nonmigrating
bars developed from a change in channel geometry or to the presence of a steady perturbation. This field study
details thefirst stages of development of a vegetatedmid-channel, nonmigrating (or forced) bar and its evolution
toward an island form. Over six years, analysis of bed topographical changes, vegetation density and roughness,
scour and fill depths, sediment grain size and architecture, and excess bed shear stress highlighted a specific
signature of trees on topography and grain size segregation. Two depositional processes combining the formation
of obstaclemarks andupstream-shifting deposition of sediments led to the vertical accretion of the vegetated bar.
During the first stage of the bar accretion, bedload sediment supply coming from surrounding channels during
floods was identified as a key process modulated by the presence of woody vegetation and a deflection effect
induced by the preexisting topography. Grain size segregation between vegetated and bare areas was also
highlighted and interpreted as an important process affecting the development of surrounding channels and
the degree of disconnection (and hence the speed of development) of a growing island. The heterogeneity of
bedload supply can explain why sediment deposition and density of trees are not strictly related. A general
conceptual model detailing the first stages of evolution from a bar to an established island is proposed for
relatively large lowland rivers.

© 2015 Published by Elsevier B.V.
1. Introduction

Fluvial vegetated islands are key components of fluvial systems as
they influence the planform (Tal and Paola, 2007; Gibling and Davies,
2012; Gibling et al., 2014; Ielpi et al., 2014) and the biodiversity of
these hydrosystems (Corenblit et al., 2014). Processes involved in
their creation participate to the morphological evolution of multiple-
channel rivers as well as sediment archiving. Although many studies
have been carried out on the interactions between woody vegetation
and sedimentary processes in alluvial rivers (McKenney et al., 1995;
Nanson and Knighton, 1996; Abbe and Montgomery, 2003; Gurnell
et al., 2005, 2012; Corenblit et al., 2009), investigations carried out on
the zone of intense interactions between plants and physical processes
(active part of the channel) remain rare (see Corenblit et al., 2011; Fig. 3
in Gurnell et al., 2012). Specifically, for mid-channel bars, the first steps
of evolution from thebar state to the island state are not known in terms
of velocity, sedimentary processes involving young pioneer woody
vegetation, and vertical/lateral accretion rates under quasi-unlimited
sediment supply conditions.
s).
From amorphological perspective, excluding sedimentary processes
and botanical specificities, a fluvial island was defined by Osterkamp
(1998, pp. 530–531) as ‘geomorphic feature surrounded by channel,
that is higher than mean water level (or the principal network of
adjacent ephemeral or intermittent stream channels) and that persists
sufficiently long to permit the establishment of a permanent vegetation
cover if adequate moisture is available’. However, and as stated by Brice
(1964) and Bridge (2003, p. 149), the distinction between vegetated
bars and islands remains an issue; specifically, mid-channel bars were
defined as unvegetated and submerged at bankfull flow (Drago et al.,
2008), whereas islands emerge under these flow conditions. As shown
by Osterkamp (1998) and Gurnell et al. (2001), established fluvial
islands can result from several processes among which excision of
floodplain deposits or building involving dead or living woody vegeta-
tion present on channel bars (Osterkamp, 1998; Kollmann et al., 1999;
Gurnell et al., 2001, 2012; Nakayama et al., 2002; Bertoldi et al., 2011;
Mikuś et al., 2013). For this latter case, the regeneration process of
vegetation on flow resistance and sediment deposition influences the
island creation: sprouting from living driftwood exerts a rapid and
strong feedback on physical parameters whereas seedling impact is
reduced during their first stage of development (Moggridge and
Gurnell, 2009).
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Woody pioneer vegetation can recruit or sprout on two general types
of alluvial bars, namely free (or migrating) and forced (nonmigrating)
bars (see review in Rodrigues et al., 2015). Nonmigrating bars
(e.g., point bars, mid-channel bars) correspond to sediment accumulation
developing due to a discontinuity in the channel geometry (Olesen, 1984;
Struiksma et al., 1985; Parker and Johanneson, 1989; Crosato et al., 2011),
while free bars arise because of morphodynamic instability (Tubino,
1991; Tubino et al., 1999). Since the latter are rather unstable and rapidly
migrating units (Claude et al., 2014), the development of vegetation and
its resistance to physical stresses on these macroforms is rare. Contrarily,
because of their conditions of formation, nonmigrating bars are relatively
stable units on which woody vegetation can recruit and survive even in
morphologically very active rivers (Nakayama et al., 2002; Charron
et al., 2011; Crouzy et al., 2013). Large woody debris and vegetation can
sometimes trigger a local nursing effect interesting for the development
of other seedlings (Gurnell et al., 2005).

Once established on bars, the permeable obstacle constituted by the
vegetation influences their morphological development by increasing
flow resistance (McKenney et al., 1995; Fathi-Maghadam and Kouwen,
1997; Darby and Simon, 1999; Freeman et al., 2000; Antonarakis et al.,
2010), decreasing flow velocity (Li and Shen, 1973; Wu et al., 1999;
Copeland, 2000), and enhancing deposition and fixing of sediments
(Graf, 1978; Fielding et al., 1997; Wende and Nanson, 1998; Kollmann
et al., 1999; Gurnell et al., 2001; Nakayama et al., 2002; Francis et al.,
2006; Euler and Herget, 2012; Euler et al., 2014; Manners et al., 2014).
More specifically, the presence of shrubs and trees often creates obstacle
marks (horseshoe scour hole, sediment ridge) which constitute a first
step in the metamorphosis process from a bar to an island (Nakayama
et al., 2002; Rodrigues et al., 2007; Euler et al., 2014). As a consequence
ofmerging of these obstaclemarks and vertical accretions, themorphol-
ogy of bars evolves froma relativelyflat bed to a ridge-and-swale topog-
raphy. This process induces a biotic signature in the bar topography as
shown by Bertoldi et al. (2011) for the Tagliamento River. At this
stage, the increase of the deflection power of tree bands, the decrease
in flooding duration of the bar, and its progressive disconnection from
surrounding channels induces a decrease in sediment supply (in terms
of quantity and grain size). As a consequence, deposition of small quan-
tities of fine sedimentsmainly transported as suspended andwashloads
and a smoothing of the bar/island topography is observable (Rodrigues
et al., 2007). Anyway, the time needed to create a fluvial island (see
definition above) from a mid-channel nonmigrating bar has never
been documented.

This paper focuses on the first stage of development of an island
from a mid-channel, nonmigrating bar of the River Loire colonized by
the black poplar (Populus nigra, L). This tree species has been recognized
to modify its physical environment and the riparian community
structure, function, resistance, and resilience (see review by Corenblit
et al., 2014). Detailed surveys conducted over six years on channel bed
topography, scour-and-fill processes, sediment grain size evolution,
and physical features of in-channel woody vegetation are presented.
In terms of chronology of floodplain development, this study covers
stages 1 (active river bed), 2 (stabilizing bar), and 3 (incipient flood-
plain) as proposed by Reinfelds and Nanson (1993). In terms of fluvial
biogeomorphological succession (Corenblit et al., 2014), it corresponds
to the pioneer and biogeomorphological stages.

The general scientific goal addressed here concerns the mechanistic
understanding of the first stages of evolution of an island from a mid-
channel bar where woody pioneer vegetation recruited. Specifically, the
time needed to create a fluvial island from a mid-channel, nonmigrating
bar is documented. More precisely, the paper addresses the following
points:

• How the tree signature in the topography of a bar evolves since the
year of recruitment;

• To what extent bedload sediment supply affects the morphological
evolution of the vegetated bar; and
• Wepropose a conceptualmodel of the evolution of amid-channel bar
to an island for large sand- and gravel-bed rivers. In our model we
identify those variables important for the morphological evolution of
a bar to an island, specifically highlighting the influence of vegetation
on sediment archiving.

2. Material, methods and study site

2.1. Loire River islands

The Loire River drains a watershed of 117,000 km2 that experiences
an irregular flow regime. Floods are caused by storms occurring in the
upstream part of the river during winter and spring (Dacharry, 1996;
Duband, 1996) and by intense rainfall coming from the Atlantic
Ocean. The Loire has been heavily influenced by human activities such
as damming, embanking, building of groynes for navigation, and intense
sediment mining that stopped in 1995 (Latapie et al., 2014). The
resulting incision of the main channel and the end of pasture activity
triggered a development of woody pioneer vegetation as well as a
rapid morphological evolution of the river from an island-braided to
anabranching style.

The recent incision of themain channel in the last 50 years has led to
significant channel bank erosion (Latapie et al., 2014), adjustment of
secondary channels (Rodrigues et al., 2006), and island width by induc-
ing bank retreat (Gautier and Grivel, 2006; Détriché et al., 2010).

In themiddle reaches of the Loire, established islands are covered by
forested areas or former pastures where fine sediments, potentially af-
fected by polymetallic contamination (Grosbois et al., 2012; Dhivert
et al., 2015), settle during floods. Trenches made on the banks of these
islands show a typical stratigraphical sequence, comparable to some
extent to gravel-bed rivers, made of two main units developed on sev-
eral metres (3 to 5 m usually) above the low flowwater level. Typically,
the basal unit was deposited briefly as channel deposits and covered by
a finer unit composed by suspended sediments deposited over long
time periods.

2.2. Study site

The site of Mareau-aux-Prés is located near Orléans in the middle
reaches of the Loire, about 1.2 km from the confluence of the Loire
and the Loiret rivers. In this area the bedrock consists of Tertiary
lacustrine limestone overlaid with the siliceous sediments of the Loire
coming from the upper reaches. Outcrops of the bedrock can appear in
the main channel caused by intense past sediment mining (Fig. 1;
Latapie et al., 2014).

In this area the river is characterized by a low amplitude meander
planform combinedwith a large cross section (embanked width ranges
from 370 m upstream to 760 m downstream the study site). The
average channel slope in the study reach is 0.000226 m·m−1 and
mean annual discharge equals 344 m3·s−1 (gauging station of Orleans,
10 km upstream). The specific stream power at bankfull flow equals
22 W·m−2 (see Latapie, 2011; and Fig. 9 in Latapie et al., 2014).

Several islands of different ages and sizes are present in this sinuous
part of the river. These islands developed in the past from a colonization
by woody vegetation of previously existing bars mentioned on themap
of 1848 (Fig. 1A). The presence of those bars is associated with the lee
effect provided by the presence of the bedrock that appears just
upstream of the study site. This riffle is also responsible for the increase
in width of the cross section resulting in a decrease in sediment trans-
port capacity (Wintenberger, 2011).

Before 1989, an island was present at the location of the bar
(remnants of this island, located NW from the bar is visible in 2010);
this island has been partially eroded. Basically, the whole bar appeared
in its current form in years 2003 and 2004 (Fig. 1).

The bar studied has a triangular planform (with an area of ca.
20,000 m2 and length of 260 m); its average elevation equals 84.5 m asl



Fig. 1. Location of the study site ofMareau-aux-Prés. A regional viewof the site is available fromGoogle Earth (47°51′50.90″N, 1°46′59.92″E). (A)Morphological evolution of the study site
between 1848 and 2010 (photo courtesy of DREAL Centre, IGN, and Richard Chevalier, IRSTEA). The black point on the aerial photograph of 2010 and the dotted lines correspond to the
trench presented in Fig. 2B and to the bar studied respectively. (B)Morphological units of the bar, location of the cross sections surveyed (grey lines) and coupledwith scour chains (black
lines and points). (C,D) Hydrograph of the Loire between 1965 and 2012 (C) and during the study period (D).
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(above sea level). The sediments consist mainly of a mixture of siliceous
particles ranging from pebbles to fine sands even if some flint cobbles
resulting from the weathering of the calcareous bedrock are present.
Armour layers are located between vegetation patches while finer
sediments are located in the tree bands.

In 2004, the bar was colonized by seedlings that developed into a
very dense stand of P. nigra L. between 2005 and 2012 (Villar, 2011).
As commonly seen on the Loire, the preservation potential of this type
of vegetation is very high: if no important stress (flood, severe drought)
occurs during the first year of development, this type of vegetation will
not be removed even for very highmagnitude floods. Other species such
as Salix purpurea L. and Acer negundo L.were present but very rare. Carex
spp. were sparsely distributed on the margins of the bar.
Fig. 2. Typical stratigraphy of islands of themiddle reaches of the Loire River. Trenches dug on t
and Mareau-aux-Prés (B) located (respectively) 800 and 648 km from the sources. For the site
sediments of the trench presented in (B).
Vegetation bands developed on four morphological units were
distinguished on the bar since the beginning of the study in 2007
(Fig. 1B). Units 1, 3, and 4 correspond to very dense tree bands, whereas
unit 2 is a chute channel located at lower elevation and submerged
during medium to low flows. Coarse sediments, namely pebbles and
cobbles, are located in unit 2 while sands and gravels dominate units
1, 3, and 4.

Between 1965 and 2012, the highest discharge recordedwas equal to
3230 m3·s−1 and occurred in December 2003. During this time period
the 2-year flood was reached 31 times. Between 2007 and 2012, the av-
erage discharge value (344m3·s−1) was exceeded 31% of the time. Only
oneflood event (November 2008,maximumdischarge recorded equal to
2080 m3·s−1) exceeded the 2-year flood discharge (1700 m3·s−1). No
wo islands located in the study sites of Bréhemont (A, see Detriché et al., 2010, for details)
of Bréhémont, OSL datings were performed. (C) Corresponds to cumulative curves of the



Fig. 3. (A) Number of stems and branchesmeasured at 0, 0.25, 0.5, 1.2, and 2 m above the
bed. (B) Manning's vegetation flow resistance parameter for each vegetated plot.
(C) Relationship between tree diameter and number and stem/m2.
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flood peak reached the 5-year flood (2300 m3·s−1), and 11 flood peaks
equal to 1000 m3·s−1 occurred in Orléans (Fig. 1D).

2.3. Topographical survey

Between 2007 and 2012, the bar topographywas annually surveyed
with a centimetrical accuracy using a Trimble M3 total station and a
Magelan Proflex 500 DGPS.

A total of 25 cross sections located 10 m apart in average were sur-
veyed (Fig. 1B). As recommended by Heritage et al. (2009), additional
points were surveyed on the bar at morphological outlines, slope
breaks, and cut banks to reduce error during the construction of digital
elevation models (DEMs). The number of points recorded during mea-
surements reached a maximum of 8299 points and varied according
to the emerged surface of the bar; density of survey points on the bar
was 1 point per 7.7 m2 on average.

LiDAR data provided by the DREAL Centre in 2003 (measurements
made during low flows) were also analysed. The measurements were
not strictly located on the above-mentioned cross sections but were
useful to determine themorphology of the bar 2 years before vegetation
recruitment.

All the points acquired during the field surveys were combined to
create DEMs using the linear interpolation TIN (Triangular Interpolation
Network) function of ArcGIS 10 software. This interpolator was demon-
strated to be a reliable tool to describe the morphology of alluvial bars
(Moore et al., 1991; Fuller and Hutchinson, 2007). The DEMswere com-
pared to obtain sediment balance, slope maps, and eroded/deposited
volumes using the Spatial Analyst function of ArcGIS 10. The LiDAR
data were not compared in terms of sediment balance since the bar
was smaller in 2003 (ca. 11,800 m2).

Because the data sets differed in sample size, we decided to randomly
sample our data in order to compare statistically one data set to another.
Hence, all the data sets were randomly sampled on the cross sections
(points not located on cross sections were excluded) using the alea
function of Excel 2010 to obtain n = 630. Frequency distributions of
the bed elevation were plotted for all the data sets of n = 630 to assess
the influence of vegetation development on the bar morphology
(Bertoldi et al., 2011).

As initially proposed by Paola (1996) to study the transversal vari-
ability of shear stress in braided rivers and developed by Bertoldi et al.
(2011) to describe the bed elevation frequency for bare and vegetated
areas, we fitted a Γ density function:

p Hð Þ ¼ ααHα−1e−αH

Γ αð Þ ð1Þ

where H is the dimensionless bed elevation (elevation above the lowest
point divided by the mean value), α describes the shape of the distribu-
tion, and Γ is the Euler gamma probability density function. As proposed
byBertoldi et al. (2011), the bestfit value ofαwas obtained byminimiz-
ing the squared error between the measured data and data resulting
from the Γ distribution.

2.4. Scour chains and grain size analysis

Scour-and fill-processes occurring on the bar were investigated
using the scour chain method (Hassan, 1990; Laronne et al., 1994;
Hassan et al., 1999; Laronne and Sholmi, 2007). Since 2008, 31 metal-
linked chains were inserted vertically, anchored into the stream bed,
and located in x, y, z axes using a DGPS. Scour chains were located on
the above-mentioned cross sections (Fig. 1B) and distributed on
morphological units 1 to 4 in order to link the annual topographical
changes of the bar to the scour and fill processes. Each year, during
low flows, scour chains were relocated by digging the bar sediments
using the DGPS and a metal detector. The scoured and filled depths of
bed material were determined on each chain by measuring the length
of the chain above the elbow (maximum scour depth) and the distance
between the elbow and the new bed level (subsequent sediment
deposition).

Grain size analyses were performed using the standard method of
dry sieving Ro-Tap on surface sediments sampled (in 2008, 2009,
2010, 2011, and 2012) at each scour chain location during insertion
and relocation of scour chains. When armour layers were present,
subsurface sediments were also sampled and analysed.

The critical bed shear stress was obtained using the Shields entrain-
ment function (Shields, 1936):

θc ¼ τc
ρs−ρwð Þg � D ¼ f ctu � D

ν
ð2Þ

where θc is the critical dimensionless shear stress, here taken as
0.047, τc is the critical boundary shear stress (N·m−2), ρs and ρw

are (respectively) the density of sediment grains (2650 kg·m−3) and
water (1000 kg·m−3), g is the acceleration due to gravity (9.81 m·s−2),
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andD is the grain diameter (hereD10,D50 andD90 inm); θc is a function of
the Reynolds' grain number Re∗ = u ∗ D/v, where u∗ is the shear velocity
(m·s−1) and v is the kinematic viscosity (m2·s−1).

For the higher magnitude flood of 2008, a dimentionless normalized
excess bed shear stress (τ norm) was calculated for the D10, D50 and D90

parameters (before the flood) as follows:

τnormD10 ¼ τ−τcD10

τmax
ð3Þ

τnormD50 ¼ τ−τcD50

τmax
ð4Þ

τnormD90 ¼ τ−τcD90

τmax
ð5Þ

where τ is the bed shear stress during the flood peak of 2008
(2080 m3·s−1) calculated at each scour chain location; τcD10 , τcD50 , τcD90

are values of the critical bed shear stress for D10, D50 and D90,
respectively; and τmax is the maximum value of τ reached on the bar
during the flood (here 7.8 N·m−2).

The bed shear stress τ was obtained using the general equation:

τ ¼ ρgRhS ð6Þ

where τ is the bed shear stress (N·m−2), ρ is the density of water
(kg·m−3), g is the acceleration of gravity (m·s−2), Rh is the hydraulic
radius (taken here as water depth on each point during the flood
obtained by subtracting the elevation each point to the water level
during the flood [data from DREAL Centre], in m), S is the water surface
slope (here taken as a constant 0.000226 m·m−1 [Latapie, 2011]).

2.5. Stratigraphical analysis of deposits

During summer 2012, four sections were dug on the bar for analysis
of the sedimentary sequences at several scour chains locations and on
Fig. 4. Frequency of randomly sampled bed elevation from the years between 2003 and 2012
before vegetation development (2004). Data of surveys 2007 to 2012 correspond to field meas
the bank of two established islands (located near the bar studied [see
Fig. 1] and 150 km downstream for comparison [see Détriché et al.,
2010, for location]). For each section the stratigraphy of deposits
was described in terms of thickness, bedding nature and orientation,
and grain size; the elevation of each layer was recorded using a DGPS
and sediments were collected for grain size analysis. The presence of
thin silty and muddy dark layers rich in organic matter fragments and
roots was noted. Such layers were shown by several previous studies
carried out on the Loire (Rodrigues et al., 2006, 2007, 2012) to be
suitable markers for emersion periods of the river bed.

2.6. Vegetation analysis

Woody vegetation patches present on the bar were mapped using a
DGPS. Coefficients of cover-abundance (Braun-Blanquet, 1964; Fig. 1B)
were determined in 2012 using the percentage of vegetation cover
(Combroux et al., 2002) estimated from low-altitude aerial photographs
and field observations.

Physical parameters of woody vegetation were analysed in 2012 to
estimate its influence on flow resistance, sediment trapping, and reten-
tion. As performed by several authors (Kollmann et al., 1999; Rodrigues
et al., 2006; Gilvear andWillby, 2006; Vreugdenhil et al., 2006; Corenblit
et al., 2009) measurements were carried out on 4-m2 plots centred on
the scour chains. For each plot, stems originating from the bar surface
were counted, and the size (height, diameter) of the five tallest and
smallest trees was measured. The diameter of the five tallest and
smallest trees was measured at, respectively, 1.2, 0.5, and 0 m from
the bar surface.

The Manning's roughness parameter for each plot was calculated
using the equation of Petryk and Bosmajian (1975) suitable for the
areas covered with emerged vegetation:

nveg ¼ KnRh
2=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cd

X
Ai

2gAL

s
ð7Þ
(n = 630 points). Data of 2003 correspond to the LiDAR data (courtesy of DREAL Centre)
urements.



Table 1
Kurtosis and skewness calculated on randomly sampled topographical data sets (n= 630
points).

2003 2007 2008 2009 2010 2011 2012

Kurtosis 1.9 1.0 −0.1 −0.6 −0.5 −0.6 −0.7
Skewness 0.9 0.3 −0.3 0.0 −0.2 0.1 0.2

311C.L. Wintenberger et al. / Geomorphology 246 (2015) 305–320
where nveg is vegetation roughness, Kn is a factor of conversion equal to
1 for SI units, Rh is the hydraulic radius (in m), Cd is the drag coefficient
(herein assumed to be equal to 1),ΣAi is the total frontal area of vegeta-
tion projected onto a plane perpendicular to the direction of flow
(in m2), g is the force of gravity (in m s−2), A is the cross-sectional
flow area (in m2), L is unit length of the channel reach (in m).

The nveg parameter, calculated for a unit surface of 1 m2 has already
been used byMcKenney et al. (1995) on small streams inNorthAmerica
and by Rodrigues et al. (2006, 2007) on the Loire.

The computation of the nveg roughness coefficients was performed
using the physical parameters of the five tallest trees of each plot. The
smallest trees, which were fully submerged and which tend to bend
downstream during floods, were excluded from this analysis. Therefore,
the nveg parameters presented in this study refer tomaximum roughness
coefficients. Obviously, this corresponds to an approximation. Many
studies have shown that pronated submerged plants do, in fact, contrib-
ute substantial roughness (for examples see Nepf and Ghisalberti, 2008;
and Västilä et al., 2013).

3. Results

3.1. Typical stratigraphical architecture of island banks

On the Loire, the classical sedimentological architecture of islands
presents two main units. A basal bar unit made of poorly sorted,
sandy-gravelly sediments is observable on the lower part of trenches
(Fig. 2). The stratae present in this unit are characterized by cross-
bedding, by the presence of roots of former plants developed on the
bar, and by thin layers (1 cm thick) of silt and mud intercalating with
coarse sediments. This bar unit is overlaid by a relatively thin unit
made of fine sediments (fine sands and silts, eventually mud) enriched
in organic matter that can be compared to floodplain sediments
transported as suspended load and deposited during flood events
(Haschenburger and Cowie, 2009). Optically stimulated luminescence
(OSL) datings done on one of these islands (Fig. 2A) shows that bar
Fig. 5.Gamma function based on randomly sampledbed topographydata between 2003 and 201
development (2004). Data of surveys 2007 to 2012 correspond to field measurements.
units can be rapidly deposited (2.5 m/14 y) compared to floodplain
units, which correspond to lower sedimentation rates (1 m/192 y
assuming that no vertical erosion occurred [see Détriché et al., 2010,
for details]).

3.2. Pioneer woody vegetation developed on the bar

In 2012, the height of the pioneer trees ranged between 0.05 and
3.75 m.

For taller trees, a clear relationship is established between diameter
and height. This trend is not perceptible for small trees. Some of them,
relatively thick, are trees broken during floods or cut by beavers.

The density of the vegetation stands developed on the bar is signifi-
cant and varies according to the distance from the bed (Figs. 3A and C).

The density of stems and branches (number/m2) was often found to
be at its maximum at 0.5 m above the bed; it decreased upward and
downward. This explains the high values of vegetation resistance to
flow (Fig. 3B). The high values of vegetation density at the elevation of
0.5 m can be explained by sprouting subsequent to tree breakage by
flood flows or cutting by beavers.

3.3. Topographical and morphological evolution of the bar

Randomly sampled bar elevations measured between 2003 and
2012 were analysed in terms of frequency distribution (Fig. 4). The
LiDAR data set of 2003 is characterized by a compact, unimodal, and
rather symmetrical distribution. So in 2003 the bar was rather smooth
with amode equal to 84.5m. After the establishment of pioneer vegeta-
tion (data sets of 2007 to 2012), the distribution displays smaller peaks
and spreads. A similar process has been described for the Tagliamento
River by Bertoldi et al. (2011). In the present study, smaller peaks of
the distribution testify to the increased variability in bed elevation
during time.

The shape of the distribution (Table 1) evolved fromvery leptokurtic
(2003) to very platykurtic (2012). The skewness ranged between 0.9
and −0.3.

A shifting of the distribution toward the right during time highlights
an aggradation process on the bar (Fig. 5). The development of the veg-
etation since 2004modifies the rather simple pattern of the distribution
that existed before its development. The α value, which varied between
1.9 and 13.8 (7.1 in average) is higher than proposed by Bertoldi et al.
(2011) for the Tagliamento River.
2. Data of 2003 correspond to the liDAR data (courtesy of DREALCentre) before vegetation
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Digital elevation models (Fig. 6) show a relatively plane surface of
the bar in 2007with superimposed low-amplitude longitudinal obstacle
marks (Nakayama et al., 2002; Rodrigues et al., 2007; Euler and Herget,
2011; Euler et al., 2014) caused by the presence of patches of young
trees.

The highest area of the bar was located at the upstream end of U1
(84.9 m asl) in 2007 and on U3 (Z N 85 m) in 2012. Between 2007 and
2012, the topographical contrast between units increased. Basically,
Fig. 6.Morphological evolution of the vegetated bar assessed from topographical surveys. Digita
of scour chains (C1 to C30) (B), and slope maps (C).
the slope breaks on the margins of U1, U3 and U4 were reinforced,
distinguishing each unit from U2.

On U1, most of the sediments were trapped because of the lee effect
exerted by the upstream and higher part of this unit. In 2012, a signifi-
cant sediment deposition occurred downstream of U1.

On U3, the merging of obstacle marks was accelerated by large
volumes of coarse sediments coming from the main channel. The
quantities of sediments deposited varied transversally during the survey
l elevationmodels (DEMs) obtained on the bar (A), cross sections CS1 to CS6with location
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according to flood events (magnitude and duration). The low-amplitude
ridge and swale topography of 2007 associated with obstacle marks
evolved toward a higher, smoother, and well-defined unit. Between,
2010 and 2011, the longitudinal chute located in the downstream part
was filled while another, separating U3 from an obstacle mark located
at the north, appeared. The topographical survey also highlighted that
steep slopes visible on the margins of U3 developed upstream between
2007 and 2012.

Changes in bed topography visible on U2 are relatively small com-
pared to U1, U3, and U4. Although the upstream part of U2 is subject
to scouring, this chute channel is stable in terms of elevation. The bed
channel changes visible in the downstreampart of the chute correspond
to sediment by-passing.

The analysis of the cross sections (Fig. 6B) shows highly variable
deposition rates over time in U3. On CS4 for instance, the left part of
the bar did increase regularly in elevation except between 2009 and
2010. Conversely, a large quantity of sediment was deposited between
2008 and 2009 on the right part of the cross section.

The cross sections also show longitudinal evolution pattern of the
bar margins as the increase of the slope of the banks shifted upstream
during time. Comparing CS5, CS4, and CS3 shows that the asymmetry
between the bar and the surrounding channels (namely U2 and the
main channel located to the north) was higher on CS5 in 2007.
Fig. 7. (A) Cumulative curves of sediment deposition and scouring since 2007 on the entire ba
symbols). (B) Median elevation (asl) of CS2 to CS5 and average value of the discharge able to i
Since 2007, 8694 m3 of sediments were deposited on the bar, while
4535m3 were eroded (Fig. 7). Hence, the budget between 2007 and
2012 was clearly positive (+4159 m3). Fig. 7B shows the phasing
of deposition of bedload sediments on CS2 to CS5. Between 2008
and 2009 (Fig. 7B), median elevation of CS4 and CS5 increased
strongly highlighting a significant deposition on these two cross
sections. Between 2009 and 2011, sediment deposition was
higher on CS3. Between 2011 and 2012, median elevation of
CS2 increased drastically caused by a large amount of sediments
coming from upstream. These observations suggest that the de-
position of sediments was directed upstream during the period
surveyed.

The topographical surveys have shown that some areas of the bar
were subject to erosion or deposition, only. In other words, these
areas exhibited either a positive sediment budget (U1, U3, and U4)
or a negative budget (U2 and the northern margin of U3) since
2007. The volumes of sediments trapped between 2007 and 2012
in the areas of continual deposition were estimated to 1023 m3.
The quantity of sediments trapped in the areas of continual deposi-
tion varied over time; between 2007–2008 and 2008–2009 it repre-
sented 25% of the sediments deposited on the whole bar, while it
decreased to 15% between 2009 and 2010 and 16.5% between 2011
and 2012.
r (filled symbols) and on areas only affected by sediment deposition and erosion (empty
nundate the bar.
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3.4. Scour-and-fill processes on the bar

On the bar, the depth of scour decreased with time (Fig. 8). The
maximum scour and/or fill depths recorded were about 0.8 m.

Morphological units 1, 3, and 4 were subject to sediment deposi-
tion, whereas scour was reduced because of the presence of vegeta-
tion. The morphological unit 2, bare subchannel, was characterized
by intense sediment remobilization even if the average elevation
did not change.

The analysis of several cross sections (Fig. 8) shows that the scour-
and-fill processes varied according to the morphological units and
their average elevation. In several places (e.g., scour chains C17, C24,
and C25), a considerable accretion of sediment took place between
2008 and 2009, whereas no sediments were deposited after. This
can be associated with the occurrence of a high-magnitude flood
(Fig. 1). This is clearly different from what occurred in other places of
the same morphological units where sediment deposition occurred
progressively during time.
Fig. 8. Scour-and-fill depths recorded on cross Sections 2, 3, 4, and 5. Dashed lines
correspond to morphological units on the mid-channel bar of Mareau-aux-Prés, and C4
to C27 correspond to the scour chain number.
3.5. Bar depositional architecture

Fig. 9 shows that the archiving of sediments on the bar was not
continuous over time. For the same year, the archiving of sediments
on the bar differed between morphological units considered
(Rodrigues et al., 2012) depending on the presence or lack of vegetation.
For instance, densely vegetated areas (C12, see Fig. 3B) were constantly
characterized by vertical accretion of sediment that was rapidly fixed by
tree roots.

Trenches show a classical general trendfining upward of sedimenta-
ry sequences. The internal structure consists mainly of poorly sorted
bedload sediments at the base and planar cross-strata originating as a
result of dune migration over the bar during flood events (e.g., upper
parts of C6 and C15). Thin layers of fine sediments (mainly silts)
enriched in organic matter and penetrated by roots are found in
the densely vegetated areas (C12 and C22). These thin layers are
markers of emersion phases and fixing of sediments by pioneer
trees or herbs growing on obstacle marks (Rodrigues et al., 2007;
Euler et al., 2014).

3.6. Grain size changes on the bar

Sediments present on the bar are mainly poorly sorted siliceous
sands and gravels. Two populations of grains are clearly visible in
Fig. 10A. Low-slope cumulative curves located in the right part of the
graphs (Fig. 10A) correspond to very poorly sorted bedload sediments
located in U2 or on the margins of vegetated areas. Higher-slope cumu-
lative curves (on the left in graphs of Fig. 10A) were sampled in the
vegetated morphological units, namely U1, U3, and U4. Comparison
between years 2008–09, 2009–10, 2010–11, and 2011–12 shows a
shift of the curves (Fig. 10A) toward the right for the low-slope
cumulative curves and toward the left for the high-slope cumulative
curves. This phenomenon indicates a fining of sediments trapped in
the vegetation stands, while sediments located in the lower areas and
on the margins of vegetation bands become generally coarser. For
these areas, although the D90 remains constant, the whole mixture be-
comes coarser caused by thewashing out of smaller grains downstream.
This process leads to the development of armour layers on the margins
of the vegetated areas.

Fig. 10B also shows that slope of cumulative curves of the sedi-
ments deposited in densely vegetated areas (namely C6, C12, and
C22) increased during time. This indicates a better sorting and is ex-
plained by the increase of settling of suspended sediments as the
vegetation developed and as mean elevation increased (less bedload
sediments being deposited). In this case, the role played by vegeta-
tion on flow resistance and fine sediment settling is significant. If
vegetation was absent, the intensity of fine sediment settling
would not be so important.

The critical bed shear stress needed to entrain D50 and D90 particles
was determined for all years between 2008 and 2012 (Fig. 11).

Depending on the grain size, the critical bed shear stress needed to
initiate sediment motion ranges between 0.02 and 50.3 N·m−2. The
latter value corresponds to large particles constituting armour layers
present on the bar. For each year of comparison, the scatter of points
increased and two groups of points can be identified. Points located
above the bisector (larger grain size, higher critical bed shear stress)
correspond to the sites located in U2 or on the margins of vegetated
units, whereas points located below the bisector correspond mainly to
vegetated areas.

3.7. Threshold for sediment motion vs vegetation

Table 2 and Fig. 12 compare the excess in bed shear stress responsi-
ble for sediment mobilization to the results of the scour-and-fill depths
recorded in bare and vegetated areas.



Fig. 9. Sediment architecture at four locations (representative of themorphological units of the bar) associatedwith scour-and-fill depths (arrows) measured using scour chains between
2008 and 2012. Results for year 2007 are based on topographical surveys only. Indication N.C. means no changes.
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For bare areas, the normalized excess bed shear stress is in good
agreement with the scour depth indicated by the scour chains (except
for C10 and C8 where well-developed armour layers were present) as
scouring occurred when excess bed shear stress was positive.

For vegetatedareas, positive valuesof normalizedexcess bed shear stress
are often associated with the lack of sediment scouring. This highlights
the protection of sediments by the vegetation during flood events.

4. Discussion

4.1. Scour-and-fill processes during a flood are not directly interrelated to
vegetation density or roughness parameter

The comparison between slightly and highly vegetated areas shows
that the vegetation density or Nveg parameters are not correlated to the
thickness of sediments deposited during the flood (Fig. 12). Owing to
the fact that we calculated total boundary shear (not grain stress)
making any meaningful conclusions about the relationship between
shear stress, vegetation, and scour/fill is difficult. Anyway, the spatial
distribution of sediment deposition clearly highlights the role played
by the sediment supply on accretion of the bar during floods. This also
suggests that other controlling factors are playing a role at a global
scale (floods intensity–frequency–duration and associated sediment
supply) and at a local scale (average elevation of the bar, bar surface
form, deflection effect, sediment grain size).

4.2. Upstream-shifting accretion and grain-size segregation processes
during first stages of island development

The topographical survey highlighted a change in the distribution of
elevation of the bar during time (Figs. 4, 6, and 13A), evolving from very
leptokurtic (2003) to very platykurtic (2012). In terms of morphology,
the topography of the bar accreted and varied caused by the presence
of obstacle marks. Fig. 13A steps 1, 2A, and 2B, shows the spreading of
the distribution of elevations toward higher ones (dominant trend,
from sediment trapping) and lower ones (because of scouring near
the margins of tree bands).

The vertical accretion of the bar can be analysed at the local scale
(tree band) and at the bar scale. At the local scale, sediment deposition
results from the combination of two sedimentary processes. The first
one corresponds to the development of obstacle marks growing down-
stream and laterally and is clearly visible on Fig. 6 for years 2007 and
2008. The second process corresponds to global deposition events at
the bar scale (i.e., year 2009, see CS3 to 5 and U3 on Figs. 6 and 4; see
also Wintenberger, 2011). Such events allowed sediment deposition in
the space between previously existing obstacle marks. In other words,
in the present study, obstacle marks developed principally when
bedload supply was reduced, whereas large deposition events that
highlight a significant bedload sediment supply coming from the main
channel during the higher magnitude flood reached during the study
period.

At the bar scale, the aggradation process apparently evolved in
the upstream direction during time (Fig. 7B). We assume that the
sediment deposition occurring in the downstream part of the bar re-
sults in backwater effect that facilitates sediment deposition imme-
diately upstream during subsequent flood events. This regressive
process led to the building of high-slope margins for U3 in the up-
stream direction between 2007 and 2012 (Fig. 6). The analysis of
the median elevation of CS2 to CS5 shows that the presence of U3
contributed to a strong deflection of bedload sediment fluxes in
2012 that allowed significant sediment deposition on U2 (median el-
evation on CS2 being similar to the other cross sections; Fig. 7B). So



Fig. 10. (A) Grain-size evolution on the bar (all plots) between 2008 and 2012; note the two populations of grains on the first graph. (B) Grain size evolution at locations of trenches
presented in Fig. 9. No data for C12 in 2008.

Fig. 11. Changes of the critical bed shear stress calculated forD50 (left graph) andD90 (right graph) of surface bar sediments between 2008 and 2012. The bisector indicates the same values
of critical bed shear stress in both compared years. See Fig. 1 for location.
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during the first stages after woody vegetation establishment, the
accretion process seems to be principally governed by (i) space
available between tree bands, (ii) bedload sediment supply, and
(iii) vegetation type.

Generally, sediment sorting improved downstream. Segregation
was observed between sediments surveyed on the vegetated and on
the bare areas: the size of sediments trapped in the vegetation
decreased (and their sorting increased), while sediments present in U2
or on the margins of the vegetated units get generally coarser (even if
the D90 did not evolve significantly) mainly caused by the development
of armour layers (Fig. 13B). This grain-size segregation process is a strik-
ing phenomenon that can be extrapolated tomany sandy-gravellyfluvial
systems. We assume here that the development of armoured layers as
well as the general coarsening of sediments close to the vegetation
bands can influence the incision process acting on surrounding channels.
Comparing this study with the findings of Gurnell and Petts (2006) and
Rodrigues et al. (2006), we suggest that the effect of vegetation on
surrounding channels (deflection, turbulence) will differ according to
the average grain size and the sorting of sediments. In sandy sites,
incision of surrounding channels will be easier and not be significantly
influenced by flow dynamics rather than sediment grain size. In sandy-
gravelly sites, incision of surrounding channels will be slower because
of this coarsening effect. As a consequence, the morphological evolution
of developing islands and surrounding channels should be different
Table 2
Normalized excess bed shear stress (for D10, D50 and D90) calculated for each
Orléans) compared to scour chain results between 2008 and 2009 and to the

a For the normalized bed shear stress, light grey colour cellsmean that sedimen
the vegetation, light grey colour cells correspond to bare areas, medium grey to s
trees (more than median). The * indicated the presence of armour layer before t
(in terms of time response) for these two types of sites. Further investi-
gations should be done in the future to detail this point.

The upward fining stratigraphical sequences observed for vegetated
areas can be occasionally disturbed by deposition of coarser sediments
during high-magnitude flood events (increase of bedload sediment
supply). During these events, coarser sediments can be transported
toward distal and high-elevation sites, and hence, intercalate with
finer sediments. Even though sediments in the vegetated filter are rela-
tively fine as a result of lower critical bed shear stress, they were not
eroded during subsequent floods because of the high flow resistance.
Specifically, the normalized excess bed shear stress associated with
the flood of 2008 (higher magnitude flood event recorded) was not
able to reach the threshold of sediment motion due to the vegetation
presence (Table 2).

4.3. Conceptual model: from the vegetated bar state to the island state in
low-gradient, sandy-gravelly rivers

Results presented in this paper hold for relatively large low-gradient,
sandy-gravelly rivers and for pioneer vegetation from sexual regenera-
tion. The study reach is characterized by an average specific stream
power (22 N·Wm−2) smaller than the theoretical value of 30 W·m−2

described by Corenblit et al. (2009, 2014) and Francis et al. (2009) as
the energy value allowing a durable biotic–abiotic reciprocal linkage.
scour chain for the flood of 2008 (2080 m3·s−1 at the gauging station of
vegetation characteristics (density, stems·m−2 and Nveg).a

ts are theoretically inmotionwhile dark grey cellsmeannomovement. For
mall densities of trees (less thanmedian) and dark grey to high densities of
he flood of 2008.



Fig. 12. Normalized excess bed shear stress and scour/fill depths observed and compared
to the vegetation parameters (Nveg, stem density).
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Rodrigues et al. (2007) suggested that this threshold value should be
interpretedwith care andmodulated by the local physical and biological
conditions. During the study period, the pioneer island was not
renewed and a single trend to build a pioneer island occurred. This
can be associated with the link between hydrology (several floods, oc-
curred but the 2-yearfloodwas only reached in 2008) and the biological
traits of P. nigra, L. (Villar, 2011). During the study period (discharge did
not reach high values), the small seedlings of P. nigra recruited in 2004
were able to withstand the physical stresses and rapidly influence their
environment. This makes a strong difference compared to highly
morphogical, highly active rivers such as braided rivers (e.g., Tagliamento
see Van der Nat et al., 2002), where 30% of the islands are renewed every
2.5 years and island turnover takes between 12 and 24 years (Zanoni
et al., 2008).

Scour chains and topographical surveys have shown nonlinear sedi-
ment archiving during the floods. Basically, sediment deposition rates
are high during thefirst stages of development of vegetated bars,mainly
influenced by the sediment supply (linked to the hydrology) coming
from the main channel and by vegetation, which modulates scour
and fill processes at local and bar scale (Fig. 13B, stage I). The spatial
distribution of vegetation bands can influence the formation of obstacle
and their ability to store sediments increasing the deflection power of
the bands during subsequent floods. Tree cutting by beavers can result
in sprouting of numerous shoots that will in turn increase their flow
resistance. As aggradation is going on (Fig. 13B, stage II), the deflection
offlowby the bar increases, and the sediment deposition rates decrease,
caused by the fact that average elevation increases and inundation of
the island becomes rare. Well known in literature, the deposition
of bedload sediments decreases and is progressively replaced by
settling of fine material transport as suspended load. However, dur-
ing high-magnitude flood events, coarser sediments can be deposit-
ed on the fine sediments and then interbedded with these
sediments. When the island is established (elevation is rather
important and vegetation cover changed; Fig. 13B, stage III), fine
sediment deposition occurs only during very high-magnitude (or
exceptional) flood events. The low accretion rates during this step
of island evolution and the deposition of autochthonous organic
matter allows the building of the floodplain stratigraphical unit
over decades (see Fig. 2). When the island banks are high, gravita-
tional destabilization can occur, giving large quantity of sediments
to the channel and then reducing the sediment volume stored in
the island. During this step, riparian vegetation can stabilize the
sediments on the banks or increase their erosion owing to
surcharging (Fig. 13B, stage IIIb; Thorne, 1990). During stage IIIb,
channel incision, changes in channel planform, and cattle activity can
also trigger significant bank erosion. The trend is different for rip-
rapped islands (Fig. 13B, stage IIIa).
5. Conclusions

Theworking hypothesis of thisfield study has been that nonmigrating
(or forced) bars in relatively large and low-gradient, sandy-gravelly rivers
can constitute a preferential area for woody vegetation recruitment and
survival. The feedback exerted by the black poplar (P. nigra, L.) on these
bars can trigger a rapid evolution toward an island form. Detailed field
surveys of one of these nonmigrating bars of the Loire River lead us to
the following conclusions:

• The dense vegetation bands trapped and fixed sediments during
floods and induced a specific signature on topography and grain-size
(which evolved during the study period, Fig. 13A).

• A combination of two deposition processes was identified:
(i) generation of obstacle marks in the downstream direction
leading to (ii) a global regressive accretion of the bar and devel-
opment of well-defined margins prefiguring the future island
banks.

• The morphological changes noted on the bar were controlled by
the bedload sediment supply coming from the main channel
deflected by the previously established tree bands.

• The development of tree bands triggers a grain-size segregation
(finer sediments in the vegetated areas vs. generally coarser sed-
iments in the surrounding channels), which is assumed to influ-
ence the timing of disconnection between a growing island and
the surrounding channels, specifically in gravelly sites.

• The use of a normalized excess bed shear stress parameter
showed that the fixing of sediments is significantly influenced
by the characteristics of vegetation, whereas the amount of sedi-
ments deposited during the flood is not directly related to vege-
tation density or roughness parameter.

• The conceptual model proposed in this study suggests that the
archiving of sediments and the morphological changes are
rapid during the first stage of development of a vegetated bar
whereas because the bar is high enough to be submerged only
during high-magnitude floods, it slowly evolves toward an
island form. In relatively large sandy-gravelly rivers, woody
pioneer vegetation significantly increases the preservation po-
tential of sediments leading to quasi-continuous sediment deposi-
tion rates.



Fig. 13. (A) Conceptual model of evolution from a vegetated bar to an established island state. Consequences of the first stages of development of pioneer trees on topography and grain
size during years following colonization. (B) Transition (longer time scale) between a vegetated bar and an established island. Comparison is made with the fluvial biogeomorphological
succession of Corenblit et al. (2014).
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