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This study was aimed at untangling the relative impacts of successive phases of human modifications on
changes in bedload transport along a 430 km-long river reach: the Rhone River from Motz dam to the sea. We
used a 1D hydraulic model to solve for water lines across a range of discharges and all along the reach. Next,
using grain sizes measured in the channel, we estimate flow competence and mean annual bedload transport
capacities using the Recking (2013) bedload transport equation. In addition, we used the Generalized Thresh-
old Model to estimate the relative fine and coarse fractions of the load. Bedload transport estimates were car-

Keywords: ried out under present-day hydraulic conditions and compared to estimates based on model runs simulating an
Bedload unimpeded flow regime and using grain sizes measured in bars as a proxy for conditions prior to armouring.
Rhoéne river

Our results show that present-day bedload transport along the Rhone is significantly fragmented by multi-
Dams ple closely spaced dams. Mean annual bedload capacity varies between 2500 and 16,300 m3/year over all the
River embankment reaches, with an average of 4700 m’ /year. Results of the GTM analysis suggest that this load is composed of
Sediment transport 89% fines. We find bed sediment mobility to be very low in most reaches, and that potentially mobile sedi-
ments are finer than the median grain size in the riverbed even at high flows. Our results suggest that bedload
capacities were 25-35 times higher prior to bed armouring and flow modifications; dams had an impact 2-3
times more important on transport capacities than channel embankments, and bed armouring was foremost a
response to channel embankments. Based on an analysis of the ratio of sediment yields to transport capacities,
we propose a conceptual scheme illustrating how bedload supply, channel morphology, and surface texture
coevolved in the Rhone over the past century and half.

©2018.

1. Introduction flow (Williams and Wolman, 1984; Kondolf, 1997; Brandt, 2000;

Vorosmarty et al., 2003; Graf, 2005, 2006; Magilligan and Nislow,

The effects of widespread human modifications of rivers are well
documented (e.g., Tricart and Bravard, 1991; Schiemer et al., 1999;
Surian, 1999; Surian and Rinaldi, 2003; Loéczy, 2007; Surian and
Cisotto, 2007; Olivier et al., 2009; Hohensinner et al., 2014; Frings et
al., 2014a, 2014b; Bravard and Gaydou, 2015; Arnaud et al., 2017).
River embankments and bank protection are known to decrease sed-
iment inputs from lateral erosion and reinforce sediment storage in
fluvial margins (Provansal et al., 2014; Dépret et al., 2017a). Chan-
nel narrowing is also associated with suppression of alternate bars and
reductions in morphological heterogeneity (e.g. Surian and Rinaldi,
2003; Bravard, 2010; Dur¢ et al., 2015). Gravel mining can drastically
modify bed topography and decrease or increase sediment storage
(Petit et al., 1996; Kondolf, 1997; Brunier et al., 2014). Finally, large
dams disrupt longitudinal sediment flux and modify flow regimes,
thereby inducing imbalances between sediment supply and
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2005; Petts and Gurnell, 2005; Schmidt and Wilcock, 2008; Dade
et al., 2011; Kondolf et al., 2014; Camenen, 2017). Yet, despite our
understanding of these processes, the task of characterising the ef-
fects of separate human modifications and isolating causal factors dri-
ving channel change present a unique challenge on rivers with long
and complex histories of human development carried out in multiple
phases. These rivers are likely adjusting simultaneously to changes in
several control variables and were still adjusting to previous modifica-
tions when a new one began. The pre-management equilibrium condi-
tion is therefore either irrelevant or poorly constrained. This challenge
is highlighted by the relatively few studies considering the effects of
dams on previously altered river systems (G06lz, 1994; Frings et al.,
2014a, 2014b; Siele et al., 2017; Arnaud et al., 2017).

Dams represent a major driver of channel change throughout the
second half of the 20th century (Petts and Gurnell, 2005; Nilsson et
al., 2005; Vericat and Batalla, 2006; Grant, 2012; Skalak et al., 2013;
Provansal et al., 2014), and many large rivers contain multiple dams
(e.g. Colorado River -Williams and Wolman, 1984-, Yellow River
-Chien, 1985-; Piave River -Surian, 1999-, Danube River -Schiemer
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et al., 1999-; Ebro River -Vericat and Batalla, 2006-; Sacramento
River -Singer, 2006-; Amazonas River -Anderson et al., 2018). A
multi-dam series can have important impacts on sediment transfers
and geomorphic interactions between successive reaches and may
have a cumulative impact downstream. Despite the potentially
far-reaching effects of dam series, most studies on the effects of dams
focus on the influence of single dams and do not consider their com-
bined effects. A study by Skalak et al. (2013) on the Upper Missouri
river is the only one we are aware of that explicitly analysed the geo-
morphological consequences of interactions between successive dams.

An understanding of the role of individual forcings on the evo-
lution of river systems, as well as what a given system is presently
adjusting to are key issues to targeting restoration efforts and pre-
dicting river response to future anthropogenic and natural changes.
This is especially relevant in light of ambitious restoration efforts un-
derway specifically aimed at reversing or mitigating the adverse ef-
fects of human modifications described above which were widespread
since the late 19th century and throughout the 20th century (Habersack
and Piégay, 2007). A physically-based quantitative understanding of
present-day conditions is particularly important given the shift away
from restoring static fluvial forms (e.g. Schiemer et al., 1999) to-
wards restoring sediment transport and ecological and morphody-
namic processes (Stroffek et al., 1996; Dufour and Piégay, 2009;
Arnaud et al., 2017) based on actions involving channel widening,
riprap removal, reactivation of secondary channels, sediment replen-
ishment below dams, and gravel augmentation (e.g. Gaeuman, 2012;
Ock et al., 2013; Lamouroux et al., 2012; Arnaud et al., 2017; Dépret
etal., 2017b).

The Rhone River in France constitutes the archetype of large Eu-
ropean Rivers that owe their present-day geomorphic character to sev-
eral major periods of human modifications and containing multi-dam
series. It is thus well suited to a study aimed at quantifying both the
impacts of changes to multiple control variables as well as interactions
amongst inter-dam reaches. In this study we quantify for the first time
bedload transport along the Rhone and analyse its variability through
time and space. Our estimates are based on bathymetry and grain size
collected and compiled through the OSR (Rhone Sediment Observa-
tory; Parrot, 2015) and a 1D hydraulic model, also developed as part
of the OSR, (Dugué et al., 2015, 2016; Launay et al., this issue) and
used here for the first time in a geomorphic study. The results of this
paper provide an insight into how human modifications modified the
Rhone River through the continuous interactions amongst bed-evolu-
tion, transport capacities, and bed texture along different parts of the
Rhéne. On a broad level, this study illustrates an example and an ap-
proach for untangling the causes of channel change on large rivers
subject to long histories of human regulation. The detailed results of
this study are expected to help target restoration on a reach-by-reach
basis on the Rhone River.

2. Study case

The Rhone River is one of the major European rivers and consti-
tutes one sixth of the total runoff into the Mediterranean Sea (Fruguet
and Dessaix, 2002). Its main water source is the Rhone glacier near
the Furka pass in the Swiss Alps. It has a total length of 812km
and a drainage basin area of 98,500 km? (90,500 km? within France).
The French portion of the Rhone begins downstream of Lake Geneva
and consists of 512km from the Alps down to the Camargue Delta
and the Mediterranean Sea (Fig. 1). The average annual discharge
of the Rhone based on measurements at the Beaucaire gauging sta-
tion ~60km from the mouth (Fig. 1) is approximately 1850m’/s
(100-year-return ~ period flood ~10,300m’s; Provansal et

al., 2014). Its highly variable basin geology (the Rhone traverses three
mountain ranges — the Alps, the Jura, and the Massif Central), sev-
eral major and widely differing tributaries (e.g., Ain, Sadne, Isére,
Ardéche, Durance), and a valley partially covered by glaciers during
the last alpine glaciations (the Riss and the Wiirm), result in a hetero-
geneous system characterised by alternating reaches of hard and soft
beds, incised valleys and wide floodplains, and highly distinct sedi-
ment inputs (Bravard, 2010).

The Rhone River within France underwent two major waves of hu-
man development over the last 150 years (Michelot, 1989; Cortier and
Couvert, 2001; Fruguet, 2003; Parrot, 2015). The first period of ma-
jor channel modifications (1860-1930) consisted of the construction
of dikes and groynes (collectively known as the Casiers Girardon) de-
signed to narrow the channel and promote incision in order to facili-
tate navigation. A first dam, Cusset, consisting of two canals (Jons and
Miribel) was built during this first period (1894-1899) immediately
upstream of Lyon. However, the major wave of hydropower manage-
ment took place during the second wave of human development from
1948 to 1986. During this second period, a series of 20 dams and 17
canals that bypassed the original channel were constructed for the pro-
duction of hydro-electricity (Fig. 1). Gravel mining was widespread
along the Rhone's main stem and tributaries from the 1950s through
the 1990s (EGR, 2000; Cceur, 2017). Finally, sediment supplies from
tributaries were strongly decreased due to sediment trapping and ex-
tractions at tributary confluences designed to prevent channel aggra-
dation in the main stem.

The net result of these human interventions is an incised channel
characterised by almost continuous embankments along its lowermost
300km. The dams imposed a particular planform organization on the
main stem consisting of a repeated sequence of 17 bypassed channels
running parallel to a diversion canal that merge into a non-regulated
‘Total Rhone’ channel. A diversion dam at the upstream of each se-
quence controls water discharge to both the diversion canal and the
bypassed Rhone. The hydropower scheme's regulation rules consist
of a minimum residual flow discharge delivered to the old natural
bypassed Rhone during normal flow conditions and a maximum dis-
charge diverted to the canal during floods. When river discharge ex-
ceeds the hydropower plant's capacity, sluice gates in the bottom of the
dam are opened allowing excess discharge to flow into the bypassed
Rhone. This opening allows some of the bed material that has accu-
mulated upstream of the dam to be transferred as bedload to the down-
stream bypassed subreach.

It is commonly accepted that embankments along the Rhone River
increased average bed shear stresses in a narrowed band of chan-
nel triggering channel degradation, a decrease in the availability of
in-channel stocks of active gravels, and development of a coarse
amour layer (Bravard, 2010; Parrot, 2015). Next, hydropower schemes
strongly altered planform patterns and hydraulics in the main chan-
nel as well as disrupted longitudinal sediment transfers. This narrative
constituted our working hypothesis in designing the study presented
here.

3. Methods

This study was carried out for the Rhone River between the Motz
dam and the Mediterranean Sea (Fig. 1) — a length of 430km con-
sisting of 17 run of the river dams. A reach is defined as a segment
of the Rhone River between two successive diversion dams. As such,
each intra-dam reach consists of a subreach of bypassed channel in
its upstream half and an unregulated ‘Total Rhone’ subreach down-
stream of the confluence of the bypassed channel and the diversion
canal (herein referred to as the restitution). Table 1 summarizes the
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Fig. 1. Location of the Rhone River basin in France, its main channel and major tributaries, and locations of the hydropower dams and hydrometric stations (the river kilometer — RK,
is defined as 0 in Lyon and increasing downstream, i.e. inlet from Genova lake is located at =200 km and the outlet in the Mediterranean Sea at 310km).

main features of the different individual reaches along the Rhone's
main channel.

3.1. Available data

The Rhone's prominent role in navigation and hydropower coupled
with today's focus on flood management and restoration has resulted
in an exceptional dataset on a large regulated river comprised of ba-
thymetry, discharge records, and grain size distributions. This study
makes use of the following existing data in the analyses presented
here.

3.2. Bathymetry

Channel bathymetry of the Rhone river and tributaries is used in
this study based on the surveys conducted by the Compagnie Na-
tionale du Rhéone (CNR), the French waterway authority (VNF), and
local management agencies (SYMADREM and SMAVD) between
1999 and 2008. On the Rhone's main stem, surveys were carried out
along approximately 1500 cross-sections with an average spacing of
500m.



Table 1
Description of the main features of the different inter-dam reaches in which we divided the French Rhone river corridor. Each reach is called by the name of the upstream dams followed by the name of the downstream one. For example, the St. Pierre
de Boeuf/Arras reach refers to the portion of Rhone main channel between the St. Pierre de Boeuf (upstream) and the Arras (downstream) dams.

Backwater's Residual Maximum
Confluence upstream Mean annual discharge discharge diverted Average
Reach Extent point boundary Length (km) Slope (%0) (ms/s) (m3/s) discharge (m3/s) Ds; (mm)
Non- Non- Non-
Bypassed regulated Bypassed regulated Bypassed regulated
Reach  channel channel channel channel channel channel
Motz/Lavours —146/-131.7 -136.7 —-140.0 14.3 9.3 5 1.1 0.3 75 400 70 700 37
Lavours/Champagneux -131.7/-103.1  -114.6 -119.0 28.6 17.1 11.5 0.8 0.3 110 400 90 700 45
Champagneux/Villebois —-103.1/-63.7 -91.7 -102.9 39.4 11.4 28 0.6 0.2 150 440 65 700 28
Villebois/Jons —63.7/-26.7 —61.9 -32.0 37.0 1.8 352 2.5 0.3 50 480 20 700 32
Jons/Lyon —26.7/0 -9.2 - 26.7 17.5 9.2 0.6 0.5 210 630 86 570 48
Pierre Bénite/Vaugris 3.8/33.8 15.0 15.0 30.0 11.2 18.8 0.7 0.2 250 1090 100 1380 48
Vaugris/St. Pierre de 33.8/50.8 - 35.0 17.0 - - - 0.3 - 1090 - - 37
Beeuf
St. Pierre de Boeuf/Arras 50.8/82.7 63.0 63.0 319 12.2 19.7 0.6 0.3 200 1100 85 1600 44
Arras/La Roche de Glun 82.7/99.4 86.6 87.0 16.7 39 12.8 1.1 0.3 180 1110 56 1620 67
La Roch de Glun/ 99.4/119.5 108.2 105.0 20.1 8.8 11.3 0.3 0.3 140 1110 72 2000 26
Charmes
Charmes/Pouzin 119.5/135.7 126.3 127.0 16.2 6.8 9.4 0.8 0.4 190 1470 72 2100 48
Pouzin/Rochemaure 135.7/152.6 143.7 144.0 16.9 8 8.9 0.5 1.0 230 1550 75 2100 93
Rochemaure/Donzére 152.6/170.7 165.9 168.0 18.1 13.3 4.8 0.8 0.9 270 1560 76 1850 84
Donzére/Caderousse 170.7/212.8 200.5 201.5 42.1 29.8 12.3 0.8 0.2 270 1560 75 1980 56
Caderousse/Sauveterre 212.8/230.1 218.3 216.5 17.3 5.5 11.8 0.9 0.2 260 1660 78 2280 65
Sauveterre/Vallabregues 230.1/262.4 243.8 232.0 323 13.7 18.6 0.3 0.4 700 1700 400 - 24
Vallabrégues/Diffluence 262.4/279.3 269.1 - 16.9 6.7 10.2 0.4 0.1 340 1780 84 2200 46
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3.3. Grain size

Grain sizes along the bed of the Rhone were sampled as part of
a large-scale field campaign carried out by the OSR in collaboration
with the CNR between 2014 and 2015. Details of the methods and
data are presented in Parrot (2015). Surface samples of the channel
bed were collected approximately every 5km along the length of the
bypassed and Total Rhone reaches. In addition, surface and subsurface
samples were collected from sporadic gravel bars.

3.4. Flow discharge and water levels

The CNR and the Regional Environment Planning and Housing
Agency (DREAL) operate 10 gauging stations along the main stem of
the Rhone as well as along all the major tributaries. Flow discharges
and water levels from these stations are available through the French
Hydrological Database (BanqueHydro).

3.5. Water surface slope

Present-day water surface slopes at low flow were obtained from
the BDT-Rhone data base (IGN). These data were used to identify the
extent of the backwater zone upstream of each dam.

3.6. 1D hydraulic model

This study uses an existing 1D hydrodynamic model of the French
Rhoéne based on the numerical software MAGE developed at Irstea
Lyon (Faure, 2009; http://www.irstea.fr/mage). For details regarding
model development, validation, and calibration readers should refer to
Dugué et al. (2015, 2016). No additional model development was car-
ried out as part of this study and as such only a brief summary is pro-
vided here.

The model is based on CNR bathymetric data (details above) for
the period between 1999 and 2008. The MAGE software simulates
open-channel flows in transient regimes by solving the 1D
Barré-de-Saint-Venant (shallow water) equations using a four-point
finite difference scheme (Preissmann scheme). Non-linearities are
solved using a quasi-Newton iteration (Faure, 2009). Network topol-
ogy of the numerical model is loop-meshed (bifurcation, confluences),
allowing to account for islands and multiple downstream boundary
conditions concerning node's geometry. The model can account for
compound channel effects by using the Debord formula (Nicollet
and Uan, 1979; Dugué et al., 2015). The downstream boundary con-
ditions of the model are water levels measured at Grand-Boisviel
and Petite-Abbaye for the ‘Grand’ and ‘Petit” Rhone branches re-
spectively within the delta. Bathymetry of the major tribu-

| Hydrological data

taries (Arve, Ain, Sadne, Isére, and Durance Rivers), between their
confluence with the Rhone to the nearest hydrometric station up-
stream, are included in the model. All other tributaries are represented
as local inputs.

The model incorporates the hydropower schemes for all dam op-
erations on the river based on two regulation rules: a fixed maximum
water level in the reservoir as a function of discharge, and discharge
partitioning between the bypassed subreach and the diversion canal
during floods (Dugué et al., 2015). The model was calibrated and val-
idated for each reach for a wide range of discharges from low water to
flood conditions using water long profiles based on measurements by
the CNR at several hydrometric stations (Dugué et al., 2015).

3.7. General workflow

Fig. 2 summarizes the steps of the workflow that were carried out
for this study. First, a synthetic flow duration curve was constructed
from available discharge data (see above) for the entire length of the
Rhone River (within France) and adjusted to account for tributary in-
puts. In order to produce a continuous curve along the whole length,
we assigned increases in discharge between two successive hydromet-
ric stations to water inputs from the tributaries located between these
stations based on the calculation of the weighted contribution of each
tributary to the average annual discharge in the reach.

From the synthetic flow duration curve, we generated a discharge
time-series (hydrogram) corresponding to the upstream-most node of
the model as well as each tributary represented in the model. These hy-
drograms defined the boundary conditions. Each hydrogram was com-
posed of a series of discharges between low flow and the 10-year-re-
turn period flood. This approach allowed us to estimate the hydraulic
conditions for each reach corresponding to the same flow occurrence
probability. Model outputs included water surface elevation, stream
velocity, water depth, wetted width, perimeter, and area. These results
were used to estimate the energy slope S;using the Manning's formula:

(M

where R is the hydraulic radius and K| the Strickler coefficient. The
Strickler coefficient value for which the 1D model was calibrated and
validated was used in this study (it includes all dissipation terms).

Bed shear stresses were estimated based on the Du Boys (1879)
‘hydraulic radius-water slope’ product:

Tavzp'g'SfR (2)

I Grain-size information |

i- N Stream
i- X velocities
Flow duration curve 1D-hydraulic model

(MAGE)

(o] o, >

Fig. 2. Workflow used in this study to characterise the hydro-sedimentary regime along the Rhone river.

Bed shear Bedload Mean annual
ﬂ stresses E> equations ‘ bedload capacities ||
Potentially
mobile grain size



6 Science of the Total Environment xxx (2018) xxx-xxx

Tmax = P° & Sf Amax 3)

where 7,,, is the section-averaged bed shear-stress, 7,,,, is the maxi-
mum local bed shear stress in the cross-section, g is the gravity accel-
eration, p is the water density and d,,,, the maximum water depth. In

addition, we used the Meyer Peter and Miiller (1948) correction to de-
termine the effective bed shear stress 7, acting on grain particles:

w=| 5| 7 4)

el

where Dy, is the 90th percentile of the grain size distribution (GSD).

Eventually, effective shear stresses were used to characterise flow
competence (potential mobile grain size) for different discharges
based on the classical relationship:

Teﬁ”

D A
(ps=p)-g0 )

mob =

where D,,, is the potential mobile size, p, the sediment density
(2650 kg/m3), and O the threshold Shield's criterion for incipient mo-
tion for which we used a value of 0.03 (Parker et al., 2003).

In this contribution, we assumed that hydropower plants always
operate at maximum capacity as it is usually the case for flood fre-
quency lower than the 1 in 10year flood (Le Coz, com. pers.). Our
flow simulations represent a worst-case scenario in flow reductions in
the bypassed-subreaches for the simulated highest flows in cases hy-
dropower plant do not operate at maximum capacity.

3.8. Bedload transport capacities

Estimated effective bed shear stresses were introduced into bed-
load formulae to compute bedload transport capacities at each of the
modeled cross-sections. Grain sizes (see Section 3.1 above — available
data) were linearly interpolated between samples (~100) to estimate
grain sizes for all modeled transects (~900).

In order to determine which bedload transport equation was best
adapted for the Rhone River, we compared four equations well suited
to gravel-bed rivers with the same range of slopes as observed in
the Rhone River (approximately 0.001-0.1; Pitlick et al., 2009;
Vazquez-Tarrio and Menéndez-Duarte, 2015; Recking et al., 2016)
to a sediment budget conducted from high-resolution morphological
evolution analysis (Dépret et al., this issue). The four equations we
tested were the Meyer Peter and Miiller (1948; after Wong and Parker,
2006), Wilcock and Crowe (2003), Camenen and Larson (2005), and
Recking (2013; after Recking et al., 2016) formulae, herein referred
to as MPM, WC, CL and R, respectively. The analyses were per-
formed on data from the Arras/La Roche-de-Glun reach (RK 90-100)
based on bathymetry (27 transects spaced 100 m apart) and mean daily
discharge between 1999 and 2004 (Dépret et al., this issue). Bathy-
metric measurements consisted of 1—4pts/m” with a vertical preci-
sion of +10 to 20 cm. This reach, comprised of the La-Roche-de-Glun
dam and reservoir, was the subject of such a detailed study ow-
ing to nine sand augmentation campaigns from 1997 to 2014. The
study by Dépret et al. (this issue) confirmed that

the reach underwent important morphological changes over this pe-
riod: a sediment budget conducted from morphological evolution esti-
mated 13,600m’ of net erosion.

Total bedload transported at each cross-section was estimated us-
ing each of the four equations. The bed elevation change volume AV
for each sub-reach was estimated as the sum in volume change be-
tween each consecutive pair of cross-sections:

Av=% <Qsou, - QS,.,,> (1=p) ©)

where Qg,,, and Qg;, are the volumes of bedload estimated from the
equations for the downstream and upstream cross-sections respec-
tively and p is the average porosity of bed material. A global bed ma-
terial budget for the reach was based on the sum of volumetric changes
calculated between each pair of cross-sections to be compared to the
measured volumetric change equal to 27,800m’ (20,700m3 erosion,
7100m’ deposition). MPM and CL provide estimates of total changes
below those observed (12,150 and 5560 m® respectively). WC and R
gave comparable results approximately 50% above values obtained
from the sediment budget (45,500 m® and 41,200m’ of total volume
changes respectively). Given the intrinsic variability in bedload trans-
port (Gomez et al., 1989; Recking et al., 2012; Bergillos et al., 2016),
all four equations performed correctly (less than one order of mag-
nitude difference) compared to the estimate based on morphological
evolution. Since estimates were slightly closer using the R formula,
we proceeded to use this equation to estimate bedload transport along
the Rhone River.

We assume that uncertainties linked to hydraulic computations
(slope, water depth) remain negligible compared to uncertainties
linked to estimates of surface grain size. As such, we attribute uncer-
tainties in transport estimates at each cross-section solely to uncertain-
ties in grain size. Uncertainties in transport estimates were computed
as the product of an estimate of grain size uncertainty and the first-de-
rivative of the transport function with respect to grain size (McLean,
1985):

of (D, S, R
AF = AD.M 7)
q oD

where Ag* is the uncertainty in bed load transport, f{D) is the bedload
function, and AD is the uncertainty in grain-size at a given cross-sec-
tion:

2 2
AD = °p + Oint (8)

We considered uncertainties in grain size to derive from two
sources of error. The first was the representability of sediment sam-
ples: we estimated the standard deviation (o) in grain-size estimates
based on three samples collected at each sample site to be on average
11 mm for the entire Rhone River. The second was uncertainties as-
sociated with our assumption that grain-size distribution at unsampled
sites is accurately estimated through linear interpolation between the
nearest samples upstream and downstream of a given cross-section.
They were evaluated from the standard deviation of grain size errors,
i.e., we estimated the difference between all measured grain size and
equivalent estimates using linear interpolation and obtained a standard

deviation (o;,,) of 39 mm.
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3.9. Bedload transport capacities by size fraction

In addition to estimating bulk volume of bed load transported
along the Rhone River, we were interested in determining how total
mass was distributed between fine sediments (sand to fine gravel) and
coarse sediments (medium gravel to cobble). To accomplish this, we
used the ‘Generalized Threshold Model’ (GTM) proposed by Recking
(2016). The model enables computation of the GSD of bedload based
on knowledge of the surface GSD and bed shear stress at each
cross-section. The model is carried out in two steps. First, maximum
transportable grain size is computed from an ‘inverted’ version of a
hiding function:

L\ P
T,

M = 84 <ﬁ> ©)
Tes4

where M is the bed surface percentile corresponding to the largest size
transported for a given boundary shear stress, and 7*g, and 7* 4, are the
Shields parameter computed for the 84th percentile of the grain-size
distribution and its critical value for onset of motion, respectively
(Recking, 2013).

Next, the percentages of mobile particles in each size range are
computed from:

¢i=o.001+<1—(ﬁ)y> (10)

T* 2
y=01+05 | =% (11)
Tisa

where ¢; denotes the fraction of the ith bed surface percentile that is
mobile for a given bed shear stress. Based on the estimation of ¢;, the
fraction F; of bed load material in the ith grain size range is estimated
from:

__ %
T M 12
Zi:lq’j (12

Finally, volumes of the bulk bedload (7,,,) into the ith grain size
range (V;) are estimated:

Vi=Fr Veure (13)

Two parameters in the GTM model, # and y,, are unknown a pri-
ori and need to be site-calibrated from field data. Fortunately for our
analysis, some data on incipient motion were available from past field
experiments conducted by the CNR using tagged stones at two sites
near the city of Lyon (Fig. 1): Pierre-Benite/Vaugris reach (Ramette
and Heuzel, 1962) and Jons/Lyon reach (Miribel canal) (Poinsart,
1992; Petit et al., 1996). Ramette and Heuzel (1962) reported on a
tracer experiment in the Rhone River below its confluence with the
Saodne River, in which pebbles (25 mm-75 mm) were tagged with ra-
dioactive tantalum. They described partial transport and provided es-
timates of shear stresses based on their observations of four trans-
port  episodes.  Poinsart  (1992) and  Petit et al

(1996) carried out an experiment using painted pebbles
(5 mm-300mm) in the Miribel canal (Jons/Lyon reach) and compared
their observations from two floods with estimates of shear stresses.
Table in Appendix A summarizes the results compiled from both ex-
periments. We used the data from radioactive sediment tags (Ramette
and Heuzel, 1962) at Pierre-Benite and from painted stones at Miribel
(Petit et al., 1996) to calibrate the beta-parameter of Eq. (8) (Fig. 3A).
We obtained an optimum f-parameter of 1.3. We used the data from
Poinsart (1992) and Petit et al. (1996) to calibrate the y,-parameter in
Eq. (10) (Fig. 3B): a y,-parameter equal to 20 optimizes the estima-
tion of median grain size. Both values are comparable to those found
by Recking (2016) using the Oak Creek data, (=2, y,~20). Next, we
applied the calibrated GTM to our hydraulic model outputs to estimate
the average GSD of bedload carried by the Rhone.

3.10. Evaluation of anthropogenic modifications on bedload
transport capacities

In order to assess the influence of flow regulation on bedload
transport capacities in the bypassed subreaches, we modified the reg-
ulation rules of the hydraulic model so that water flowed naturally
through the bypassed subreaches, thus simulating an unimpeded flow
regime. Next, we repeated the workflow outlined in Section 3.2 in
order to estimate bedload capacities for the non-regulated hydrologic
regime. We estimated the effects of backwater due to dams on bed-
load transfers by comparing estimates of bed shear stresses associ-
ated with pre-dam and post-dam water slopes for a 2-year, 5-year and
10-year discharge. According to Recking's (2013) formula, bedload
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transport rates are linked to bed shear stresses as follows:
6.5
T*
* 84 * sv
q 0<14-<—> ¢ =— (14)
I (ps—p)-g-D,
where ¢, is volumetric bedload rate per unit-width and p, the sediment

density. Consequently, changes in bedload transport rates (Ag,) due to
backwater effects can be estimated by the following ratio:

6.5
Dl T§4ﬁ !
Aqs _ na « _ na. (15)
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Next, we estimated the effects of sediment deficits associated with
dams, tributaries, and widespread incision triggered by river embank-
ment, and subsequent bed armouring on bedload transport capacities
in the Rhone River. Our approach was based on the fact that the GSD
of bars, particularly subsurface grain size, constitutes a robust proxy
for the grain size of bedload supplied to the channel as well as the
GSD of the average annual bedload (Kuhnle and Willis, 1992; Lisle,
1995; Church and Hassan, 2005; Segura and Pitlick, 2015; Venditti et
al., 2017). We therefore considered the GSD of surface and subsurface
samples collected on gravel bars (see details above in Section 3.1) to
represent the conditions before channel incision, armour development
and the loss of active gravels on the Rhone. Relatively few data ex-
ist insofar as bars are scarce along the main stem Rhone following the
significant and widespread channel incision and degradation that oc-
curred over the twentieth century (Parrot, 2015). We compared bed-
load transport computations for all the reaches in which grain size in-
formation was available for the channel and the surface and subsurface
of bars. Based on the bedload computations using different GSDs, we
estimated the ratio R ,:

qs surface

Ryga = —— (16)

q s_subsurface

where g gsuce a0d G supsinguce are sediment discharge estimates based
on the GSD of the armour layer and subsurface layer, respectively.
According to Dietrich et al. (1989), this ratio serves as a metric of the
sediment supplied into a system. According to several authors (e.g.
Dietrich et al., 1989; Venditti et al., 2017), surface grain size should
adjust to variations in this ‘bedload supply ratio’.

4. Results
4.1. Influence of dams on flow regime and hydraulics

Data summarized in Table 2 make clear that flow regulation sig-
nificantly impacts the hydrology of the bypassed subreaches of the
Rhone. Residual discharge in these subreaches is typically between
10 and 30% of mean annual discharge upstream of the preceding dam.
In addition, flow regulation led to an important reduction in fre-
quency of high discharges: average number of days per year with
discharges close to annual flows (1000-2000 m3/s) in the bypassed
channels decreased from approximately 40—130days/year to approx-
imately 1-10days/year. Reductions in peak flows were also signif-
icant: peak discharges during 2-year, 10-year and 50-year flows in
the bypassed channel are on average 48%, 62% and 69% of peak
flows under a natural hydrologic regime, respectively (Table 2).

Given how discharge is partitioned in the model (discussed above),
estimated reductions in peak flows and flood frequency represent the
maximum possible reductions.

Reductions in peak flows were not, however, uniform across all
reaches. In the case of the Vaugris/St. Pierre-de-Boeuf reach, which
does not consist of a derivation canal, peak flows remained the same
following dam construction. Meanwhile, the Jons/Lyon reach (Miri-
bel canal) and Sauveterre/Vallabrégues reach represent two end-mem-
ber cases of modified regimes: peak discharges in the Jons/Lyon reach
were only weakly disturbed, representing 70-80% of natural peak dis-
charges. In contrast, peak discharges in the Sauveterre/Vallabregues
reach were reduced to approximately 10% of pre-regulation values.
Additionally, peak flows in the French Upper Rhone are more affected
by flow regulation linked to dams than the middle or lower parts of the
Rhone (Table 2).

Hydraulic model outputs underscore how strongly present-day hy-
draulics of the Rhone River are compartmentalised by dams (Fig. 4).
Water lines show significant decreases upstream of each dam due
to backwater effects. These backwater effects persist to some degree
even during high flows (e.g., 10-, 20-, 50-year-return periods). On
average, present-day water slopes upstream of dams are 34% and
48% of pre-dam slopes for 2-year and 10-year flows, respectively
(Table 2). On average, two thirds of the length of reaches are within
the backwater of the downstream dam (although variability exists
amongst reaches). In many cases, the upstream limit of the backwa-
ter zone is roughly the confluence between the diversion canal and
the bypassed channels (Pierre Bénite/Vaugris, St. Pierre-de-Boeuf/Ar-
ras, Arras/La-Roche-de-Glun, La-Roche-de-Glun/Charmes, Pouzin/
Rochemaure, Donzére/Cadereousse reaches), while in others, backwa-
ter propagates upstream into the bypassed subreach (Motz/Lavours,
Lavours/Champagneux, Champagneux/Villebois, La-Roche-de-Glun/
Charmes, Caderousse/Sauveterre and Sauveterre/Vallabrégues). Fi-
nally, three reaches are almost entirely influenced by backwater
(Champagneux/Villebois,  Sauveterre/Vallabrégues,  Vaugris/St.
Pierre-de-Boeuf reaches) while in two cases backwater effects propa-
gate only a short distance upstream (Rochemaure/Donzére, Villebois/
Jons reaches).

4.2. Flow competence and present-day bedload transport capacities

The results of our analysis show important differences in Shields
values amongst reaches of the Rhone River (Fig. 5). In the upstream
reaches (upstream of the confluence with the Ain River), the average
Shields parameter for a 2-year flow remains below the critical value
for bed sediment entrainment assumed equal to 0.03 (Parker et al.,
2003; Parker, 2004). Meanwhile, downstream of the confluence with
the Ain (Villebois/Jons, Miribel canal), the critical Shields parameter
is typically exceeded during floods. The Shields parameters are again
below 0.03 downstream of Lyon, with values for a 2-year flood around
40%—65% of its critical value. Our comparison of bed shear stresses
associated with pre-dam and post-dam water slopes points towards an
average 2-fold reduction in mean bed shear stress as a result of reduc-
tions in water slope upstream of dams.

We estimated a mean annual bedload capacity of 4700 m3/year
for the Rhone River based on an average over the 17 reaches. How-
ever, this value varies strongly along the river (from 2500 to
16,300 m3/year). As shown in Fig. 6, sudden drops in bedload trans-
port capacities occur repeatedly coinciding with reductions in water
surface slope upstream of each dam. In order to characterise the be-
haviour of a typical reach on the Rhone River and to determine a
baseline for assessing intra-reach variability, we averaged transport
estimates over all the reaches (Fig. 7A). We accounted for variable



Table 2

Reach-by-reach summary of the main results of the 1D hydrosedimentary model accomplished for the Rhone river in this paper.

Ratio present-day/pre-managed

Reach Peak flowing (%) water slope at reservoirs (%o) Flow competence (mm) Estimated bedload capacities (m3/year) Number of days bedload transport>100 m3/day
Non- Non-
2-year 10-year ~ 50-year  2-year 10-year 50-year 2-year S-year 10-year ~ Bypassed regulated Accros Bypassed ch. Bypassed ch. regulated
flood flood flood flood flood flood flood flood flood channel channel reservoir (present-day) (unimpeded) ch.
Motz/Lavours 40 55 60 6 13 63 8 8 8 260 1420 0 0 0 2
Lavours/Champagneux 40 55 60 3 3 48 <1 <1 <1 580 2160 910 0 0 1
Champagneux/Villebois 41 56 61 1 1 100 <l <l <l 50 650 0 0 0 0
Villebois/Jons 48 62 67 94 87 86 15 15 15 200 14,700 1040 0 11 23
Jons/Lyon 71 79 82 23 29 23 49 58 62 14,300 5270 510 30 219 10
Pierre Bénite/Vaugris 57 68 73 50 77 44 33 33 43 3430 6960 280 8 73 15
Vaugris/St. Pierre de - - - 45 49 57 13 15 16 - 6020 680 - - 14
Beeuf
St. Pierre de Beeuf/Arras 50 63 69 49 63 88 25 30 34 3510 7320 820 8 110 16
Arras/La Roche de Glun 50 63 69 36 53 66 22 33 39 1800 6150 120 3 55 13
La Roch de Glun/ 38 54 62 40 68 100 25 46 52 2130 19,430 800 4 91 18
Charmes
Charmes/Pouzin 43 60 68 50 85 100 26 49 58 3050 12,390 2610 8 127 25
Pouzin/Rochemaure 46 62 69 24 42 55 40 60 59 12,000 3470 580 20 219 6
Rochemaure/Donzére 53 67 73 32 60 78 60 74 80 10,100 20,600 780 17 182 30
Donzére/Caderousse 50 64 71 24 35 50 53 60 63 16,900 3900 315 32 220 8
Caderousse/Sauveterre 48 64 71 37 60 79 23 36 43 1480 8110 370 3 29 7
Sauveterre/Vallabrégues 18 12 10 30 42 47 8.4 8.9 10 900 1710 320 0 ? 2
Vallabrégues/Diffluence 57 70 76 - - - 30 37 40 1240 18,390 - 2 18 40
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Fig. 4. Water surface elevations along the Rhone River for a range of discharges with a close-up of the St. Pierre de Boeuf/Arras reach (inset).
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Fig. 6. Estimates of average annual bedload transport capacities along the Rhone river.
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reach lengths in our intra-reach analyses by normalising distances
from the upstream dam and from the restitution by the length of the
respective subreach: we designated the restitution as 0 and as such
the normalised subreach distances are negative upstream and positive
downstream. The result shows that a typical reach is characterised by
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low annual bedload transport capacity in the bypassed subreach imme-
diately downstream of the dam. Transport capacity gradually increases
downstream and continues to increase downstream of the confluence.
Then, it decreases towards the downstream dam.

We used our estimates of the Shields parameter (Fig. 5) to de-
termine potentially mobile grain sizes during floods (Fig. 8A). The
results show that, even for a 10-year-return-period flow, potentially
mobilizable sediments along the Rhone River are finer than the me-
dian grain size found in the riverbed. These results were confirmed
by estimates of the GSD of the transported bedload based on the
GTM model showing it to be much finer than the GSD of the bed
surface (Fig. 9). Our results suggest that, with the exception of the
Villebois/Jons reach just downstream of the confluence with the Ain
River, overall bed sediment mobility is very low across the majority
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Fig. 9. Comparison of GSD of the bedload estimated from the GTM model (Recking,
2016) and measured bed sediment GSD.

of the present-day Rhone River. In addition, they point towards a con-
dition of only partial mobility; a fully mobile bed is most likely a rare
phenomenon in the present-day Rhone.

According to the results of the GTM model, the fine fraction
(0.1<d<2mm) represents, on average, 89% of the bedload trans-
ported by the Rhone River. This signifies that the Rhone River trans-
ports 4200m’ of fines annually compared to 500m*/year of coarse
sediments, a result consistent with observations made near the con-
fluence with the Isére River (Camenen et al., this issue; Dépret et
al., this issue). The model also showed that drops in transport capac-
ities upstream of dams are more pronounced for coarser sediments
than for fines. Indeed, bedload transport of particles >16 mm is lack-
ing downstream and upstream of dams (Fig. 8B), likely reflecting ar-
mouring effects downstream of dams and backwater effects upstream
of dams respectively. In addition, coarser sediments (>64mm) are

poorly represented in the bedload and their transport seems to be only
very local.

4.3. Effects of (human induced) changes in flow regime and sediment
supply on bedload transport capacities

The analyses presented in the previous section underscore the ef-
fects of flow regulation associated with hydropower dams on pre-
sent-day hydraulics along the Rhone and the consequences for sedi-
ment transport. Based on simulations for an unimpeded flow regime
using the 1D hydraulic model MAGE, we estimated bedload transport
capacities to be, on average, 20 to 25 times higher in the bypassed
channels prior to regulation (Fig. 10A). Additionally, based on a com-
parison of flow duration curves for an unimpeded versus a regulated
flow regime, we deduced that these reductions in bedload transport ca-
pacities are more likely the result of important decreases in mean flow
duration rather than reduced peak flows at larger floods, as evidenced
by the more significant difference between the flow duration curves at
lower flows (Fig. 11). Furthermore, an estimate of the effects of back-
water due to dams (Eqs. (14) and (15)) on bedload transport capacities
points towards an average 15-fold reduction in the Total Rhone during
high floods (2-year to 10-year flows).

A comparison of bedload transport computations based on the
GSD of samples collected from the surface of gravel bars resulted
in an estimate of capacities that were 2 to 3 times higher than those
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mated for present-day flow conditions and an unimpeded flow regime, and B) ratio of
average mean annual bedload capacity per reach to average mean annual bedload ca-
pacity for the Rhone.
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Fig. 11. Flow duration curves in the bypassed subreach of the Péage de Roussillon/Ar-
ras reach for an unimpeded and regulated flow regime.

based on samples collected from the channel. Differences were even
more significant, approximately 10 times higher, when computations
were based on the GSD from the subsurface of bars. Based on these
results, we estimated the bedload supply ratio R, (Eq. (16)) and as-
sessed how it varies with estimates of armour ratio (D*) along the
channel (Fig. 12). The observed decaying trend is comparable to the
one observed for flume experiments by Dietrich et al. (1989) and
Venditti et al. (2017), and describes how surface grain size in the
Rhoéne River could have adjusted to available sediment supplies. Cou-
pling this plot with available grain size data (Parrot, 2015) provides
a way to determine if a reach underwent small or large decreases in
sediment supply. According to the results plotted in Fig. 12, decreases
in sediment supply were more important in the reaches downstream
of Lyon versus upstream: approximately 25-35% of the pre-managed
sediment supply versus approximately 40-75% respectively. Supply
limitations appear to be less important into the Jons/Lyon reach (Miri-
bel canal), a result coherent with the important sediment supply from
the Ain river and confirmed by measurements of active transport in
ongoing RFID surveys (Dépret et al., 2017a, 2017b).
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5. Discussion

5.1. Effects of channel embankment versus dams on bed texture,
transport capacity, and morphological evolution

The results of the analyses presented in this study highlighted that
the present-day Rhone River is characterised by low flow competence,
as evidenced by Shields values that are well below the critical Shields
parameter for the onset of motion and by markedly low transport ca-
pacities for coarser sediments. Bedload transport capacities along the
river are highly variable, with strong reductions immediately down-
stream and upstream of dams due to armouring and backwater ef-
fects respectively. The combination of an estimated 20-25-fold re-
duction in transport capacities in bypassed subreaches associated with
flow diversions, a 15-fold reduction in the unregulated Total Rhone
due to backwaters, and up to a 10-fold reduction due to armouring
resulting from vertical incision and sediment deficits, points towards
a decrease in transport rates of up to 25 to 35 times compared with
pre-management rates (based on an approximation of the total length
of river over which different reductions occurred respectively). Based
on our estimate of an average annual bedload transport capacity of
4700 m3/year, this implies a reduction in transport capacities on the or-
der of 47,000 m3/year due to changes in grain size followed by a re-
duction of approximately 70,000 to 118,000 m>/year due to flow reg-
ulation (i.e., dams). This result suggests that hydraulic perturbations
linked to dams (flow regulation, backwaters) had an impact 2-3 times
more important on bedload transport capacities than changes in grain
size brought about by incision and sediment deficits (river embank-
ments, lack of coarse sediment transfers across reservoirs, sediment
trapping at tributary confluences, and gravel mining).

The bedload supply ratio (Ry,; Eq. (16)), as defined by Dietrich
et al. (1989) and Venditti et al. (2017), is an indicator of the balance
between sediment supply and transport capacity, and subsequent tex-
tural adjustments: a R, value near one would indicate an equilibrium
between transport capacity and sediment supply and an unarmoured
or weakly armoured surface, while a R, ratio<1 would indicate sur-
face armouring in response to a sediment deficit (Venditti et al., 2017).
A plot of our estimates of how R, evolved with changes in GSD
versus present-day armour ratios measured along different reaches of
the Rhone (Fig. 12) provides insight into how bedload supply, chan-
nel morphology, and surface texture coevolved in the Rhone River in
response to different phases of human development. The results sug-
gest that sediment deficits and subsequent armouring were more pro-
nounced downstream of Lyon versus upstream. Considering that the
Rhéne upstream of Lyon did not undergo systematic channel embank-
ment and preliminary associated channel adjustment (Parrot, 2015),
we can attribute reductions in transport capacities and changes in the
Ry, solely to the impacts of dams (we assume reductions in supply
from tributaries to be uniform across the basin). The fact that reduc-
tions in R,,, and armour ratios were lower upstream of Lyon versus
downstream, leads us to conclude that bed coarsening was foremost a
response to channel embankments. Pre-dam armouring linked to chan-
nel narrowing and embankments has been suggested in other studies,
e.g. Frings et al. (2009) on the Waal river and Arnaud et al. (2015)
on the Rhine. However, the analyses we presented here do not allow
us to distinguish between coarsening linked to river embankment and
armouring related to sediment deficits. More detailed inspection will
likely prove that our hypothesis about the overall response was more
nuanced amongst individual reaches.
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Taking R, as representing the ratio between bedload rates or
yields (numerator in Eq. (16)), i.e., actual volumes of bedload being
transferred along the channel, and bedload capacity (denominator in
Eq. (16)), i.e., the maximum ability of the channel to mobilize avail-
able bed sediment, we propose a conceptual scheme illustrating the
trajectories of R, through time along the main stem of the Rhone
River (Fig. 13). River embankment led to channel narrowing which in
turn enhanced bed shear stresses, prevent bedload supply coming from
bank erosion and concentrated bedload transport into a narrower band
of main channel. Insofar as this increase in transport capacity was not
compensated for by an increase in sediment inputs coming from up-
stream, channel embankment resulted in bed incision and surface ar-
mouring. As aresult, R, likely decreased initially and stabilized once
the bed surface coarsened.

Hydropower dams likely had contrasting effects on different
reaches. On one hand, sediment deficits caused by the lack of coarse
sediment transfers across reservoirs as well as gravel extractions likely
enhanced incision and armour development already underway. Mean-
while, reduced peak flows and flow durations mitigated bed scouring
from sediment-free flows into the bypassed channels and promoted
channel stability. Providing that enough sediment stores were avail-
able in the bypassed channel at the time of dam construction, reduced
flows may have even led to local aggradation. These different ef-
fects of hydropower dams (decreased yields and decreased capacities)
likely resulted in different morphological and textural responses, and
thus different R, trajectories, depending on which effect was domi-
nant. This variable response is supported by heterogeneity in vertical
evolution amongst reaches following dam construction (Parrot, 2015).

5.2. Natural and anthropogenic factors influencing variability in
transport capacities amongst reaches

When we examine how average transport capacity in each reach
compares to the average transport capacity of the whole system, we
see considerable variability amongst reaches (Fig. 10B). We attribute
this variability to a wide range of anthropogenic and natural fac-
tors that have influenced the evolution of individual reaches and con-
tinue to act on them today. One obvious explanation for deviations
from the average is differences in dam configurations and flow reg-
ulation (Table 2). For example, while many reaches exhibit an in-
crease in bedload transport capacity due to the sudden increase in flow
discharge downstream of the confluence (e.g. Motz/Lavours, Pierre
Bénite/Vaugris), the Vaugris/St.Pierre de Boeuf reach does not ex-
hibit this increase downstream due to the lack of a diversion canal
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Fig. 13. Conceptual scheme of the temporal trajectory in the ratio between bedload
yields and bedload capacities along the main channel of the Rhone and how it relates to
vertical bed evolution.

(Vaugris in Fig. 7B). Some of the variability can also be explained
by differences in how flow regulation impacts peak discharges (de-
scribed previously). Yet another source of variability in transport ca-
pacities associated with flow regulation may be the extent of back-
water behind dams, which naturally has a strong effect on the energy
slope of regular flows. In reaches upstream of the confluence with the
Ain River, backwater propagates into the bypassed subreach. Conse-
quently, average annual bedload exports from the bypassed channel
to the Total Rhone are almost negligible. Around the confluence with
the Isére River, the La Roche-de-Glun/Charmes and Charmes/Pouzin
reaches are characterised by large differences in estimated bedload ca-
pacities between the unimpeded and regulated flow regimes. We at-
tribute this not only to the backwater zone extending into the bypassed
subreach, but also to the fact that most of the discharge coming from
the Isere River is diverted through the diversion canal (Camenen et
al., this issue). Heterogeneity within the drainage basin provides an-
other explanation for why reaches exhibit different transport capaci-
ties. For example, low annual transport capacities between river kilo-
meters —103 and —85 can be attributed to naturally occurring lower
valley slopes along this reach (0.0003 compared to an average slope
of 0.0006; EGR, 2000). Finally, our estimates of transport capacities
show an important increase in the Jons/Lyon reach (Miribel canal).
Its position downstream of the Ain River, suggests that tributaries
with high sediment yields - sediments coming from the Ain are not
quarried at the confluence because it is not located in a navigation
reach - potentially play an important role in maintaining bed mobil-
ity at the reach scale (EGR, 2000). The effects of inputs from tribu-
taries on partially mitigating supply limitations due to dams was high-
lighted in a study by Batalla et al. (2014) on the Ebro river. Our re-
sults show higher bedload transport capacities around the confluences
of two other major tributaries: the Drome and Ardeche Rivers. How-
ever, given that the only sediment likely coming from either tributary
is sand - major coarse sediment trapping operations are carried out at
mouth of the Drome, and the lower reach of the Ardéche river has
been heavily mined (EGR, 2000), we attribute these increases to the
increase in flow discharge at the tributary confluences rather than sed-
iment supply.

5.3. Effects of hydraulic discontinuity on sediment dynamics and
implications for management

Hydraulic fragmentation resulting from the dam series is the most
significant modulator of bedload transport in the present-day Rhone
River, and dams for hydropower are clearly linked to the main nodes
of bedload discontinuity along the river corridor. As other studies have
shown (EGR, 2000; Guertault et al., 2018; Camenen, 2017; Camenen
et al., this issue), while some sediment is transferred across dams dur-
ing flushing flows and at high discharges, it is sporadic and mostly
limited to the fine fraction of the bedload. These observations are sup-
ported by the results of the GTM model presented here.

Consequently, rather than a river continuum, the present-day
Rhone functions as 17 separate and independent systems varying in
length between 14 and 42 km, each bound between an upstream and
downstream dam. River fragmentation halts the transfer of coarse sed-
iment between subsequent reaches, and bedload dynamics within in-
dividual reaches consist of a slow transfer of coarse sediment from
the bypassed channel to the downstream where it is stored, with occa-
sional replenishment of sand in response to high discharges and flush-
ing flows.

This general scheme resembles the inter-dam sequence described
by Skalak et al. (2013) for the Upper Missouri River, which led them
to propose a conceptual model of how dam interactions affect river
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geomorphology. Their model presents a morphological sequence with
five main river zones from upstream to downstream as follows: (i) a
dam proximal zone morphologically controlled by sediment-free wa-
ter leaving the upstream dam, (ii) an attenuating reach progressively
less influenced by the upstream dam, (iii) a river-interaction reach in
which the influence of the backwater begins, (iv) a reservoir reach
controlled mostly by water impoundment in the reservoir, and, (v)
the reservoir itself controlled by the downstream dam. On the Rhone
River, this sequence is more complicated because the reach equiva-
lent to the river-interaction reach above is not only affected by the bal-
ance between the downstream extent of sediment deficits (i.e., ‘hun-
gry water’, Kondolf, 1997) and backwater effects, but also by the
abrupt increase in discharge at the restitution. Moreover, Skalak et al.
(2013) pointed out how the interaction between dams increased in sig-
nificance when dam spacing was <100km. This is because when the
length of the inter-dam sequence is longer, there is more opportunity
for sediment restocking by bank erosion or tributary inputs, and thus
potential for the influence of the upstream dam to become attenuated.
In the Rhone River, the length of inter-dam reaches is between 15 and
40km. Therefore, the downstream effects of the upstream dam always
overlap with the influence of the downstream one. Furthermore, sedi-
ment restocking along the Rhone is impeded by embankments and re-
ductions in tributary inputs.

Our results point towards bedload transport capacities that are one
order of magnitude higher based on subsurface GSD versus surface
GSD. This increase may reflect a difference in the river's capacity to
mobilize its bed versus its capacity to transport external inputs of sed-
iment. In other words, the Rhone may be capable of transporting al-
logenic sources of sediment (which on the Rhone are extremely lim-
ited due to dams on tributaries, gravel mining, and dredging at tribu-
tary mouths), while the bed remains stable. This difference resembles
the distinction between travelling bedload and structured bed load de-
scribed for step-pool channels by Yu et al. (2009), Piton et al. (2016),
Piton and Recking (2017) and Vazquez-Tarrio et al. (2018). Structured
bed load is defined by the bed surface sediment controlling channel
roughness and influencing flow resistance, while travelling bedload
refers to supply-limited mobile sediments introduced sporadically into
the channel. The distinction between travelling and structured bedload
is an important consideration in restoration plans involving sediment
replenishment and/or gravel augmentation, as it could lead to material
introduced being efficiently transported during floods but with mini-
mal impact on bed morphology and breakup of the armour layer.

Finally, for gravel augmentation to have a significant impact on
restoring morphological functioning, it must be considered within the
context of longitudinal discontinuities shown in this study and in the
one by Dépret et al. (this issue). As both studies have shown, very little
sediment is transferred across reservoirs upstream of dams and much
of the sediments that do get passed are composed of sand and fine
gravels (Camenen et al., this issue). In this context, gravel-augmenta-
tion could have a potentially negative impact on the channel. Results
of this study suggest that augmentation should be done at the upstream
part of long reaches in order to benefit from the maximum possible
length as well as time to propagate downstream. Based on studies by
Petit et al. (1996) and Bravard (2010), particles moved as bedload at
a rate of approximately 100 m/year in the natural Rhone. In addition,
carrying out augmentation operations in parallel with measures pro-
moting widening and lateral connectivity in the bypassed subreaches
will help ensure sediments have a morphological impact on the reach
and are not only transferred as travelling bedload as in the case of the
Rhine River (Arnaud et al., 2017).

6. Conclusions

® Present-day bedload transport capacities

e We estimated present-day section-averaged bed shear stresses,
Shields values and flow competence over a range of discharges
along the Rhone River based on flow parameters from 1D hy-
draulic modelling coupled with available grain size data.

e Our flow analyses highlight that the Rhone River is heavily con-
ditioned by hydraulics set up by diversion dams that decrease the
frequency of competent flows reaching the bypassed subreaches
and create backwater zones.

e Mean annual bedload capacity varies significantly along the
channel due to variability in backwater lengths and discharge re-
ductions due to dams, as well as hydrological variability in the
basin (slope, tributaries inputs).

e Bed sediment mobility is very low along most of the Rhone
River: average Shields parameters for a 2-year flow remain below
its critical value for inception of transport and potentially mo-
bile sediments are finer than the median grain size in the riverbed
even for a 10-yr flow.

e FEffects of human-induced changes in bedload transport capacities

e Estimates based on an unimpeded flow regime points towards a
20-25-fold reduction in transport capacities associated with flow
diversions and a 15-fold reduction in the due to backwaters.

e Estimates based on grain size distributions measured from bars
point towards a 10-fold reduction due to armouring resulting
from vertical incision and sediment deficits.

e Based on an analysis of the ratio of sediment yields to transport
capacities compared to measured armour ratios, we conclude that
channel embankments were the main cause of bed coarsening.

e We propose a conceptual scheme illustrating how the bedload
supply ratio changed through time and how it relates to verti-
cal bed evolution: decreasing ratios in response to channel em-
bankments lead to incision and armouring while the net effect of
dams resulted in a heterogeneous response amongst reaches with
some remaining stable while others aggraded or degraded.

® Bedload sediment discontinuity related to dams

e A typical inter-dam reach is characterised by low annual bedload
transport capacity at the upstream of the bypass subreach imme-
diately downstream of the dam and drops off in the Total Rhone
subreach within the backwater of the downstream dam.

e Based on our results using the Generalized Threshold Model
(GTM), we estimate that the Rhone River transports mostly sand
particles and very little coarse sediment gets transported across
reservoirs upstream of dams.

e The short lengths of inter-dam reaches on the Rhéne (15-40km)
indicate that the downstream effects of the upstream dam always
overlap with the influence of the downstream dam. On the Rhone
River, hydro-sedimentary dynamics are thus the result of a com-
plex interaction between reduced flows, sediment deficits, and ar-
mouring upstream, followed by increased discharge at the restitu-
tion and a backwater effect at the downstream.

e In light of the low rates of sediment transfer to the downstream
part of the river, we demonstrated here that gravel augmentation
(either through re-injections or through increased lateral erosion)
may be an effective restoration strategy on the Rhone. However,
our results highlight the need to consider flow competence and
transfer times and rates on a reach-by-reach basis to ensure its
success.



Science of the Total Environment xxx (2018) xxx-xxx 15

Uncited references

Cortier and Couvert, 2001
Hupp et al., 2009
Michelot, 1989

Nilsson et al., 2005

Peiry and Bravard, 1989
Pichard, 1995

Stroffek et al., 1996
Uribelarrea et al., 2003

Acknowledgments

This study was conducted within the Rhéne Sediment Observa-
tory (OSR), a multi-partner research program funded through the
Plan Rhone by the European Regional Development Fund (ERDF),
Agence de 1'eau RMC, CNR, EDF and three regional councils (Au-
vergne-Rhone-Alpes, PACA and Occitanie). This work was cofunded
by the Labex DRIIHM, French programme ‘Investissements d'Avenir’
(ANR-11-LABX-0010) which is managed by the ANR. At the time of
preparation of this manuscript, Vazquez-Tarrio benefitted from grant
ACB17-44 cofunded by the Clarin-FICYT (Principality of Asturias)
and the Marie Curie programme, as well as support from the project
RIVERCHANGES-CGL2015-68824-R (MINECO/FEDER, UE). We
thank Thomas Depret for fruitful exchanges that helped improve the
quality of this work.

Notations

GSD grain size distribution

D; i-th percentile of the GSD
D,..» potential mobile grain size

Strickler coefficient

P bed material porosity

p water density

P sediment density

Sy energy slope

R hydraulic radius

U mean flow velocity

T bed shear stress

T dimensionless shear stress (shields parameter)
T, average bed shear stress

T maximum local bed shear stress

T*gy Shields parameter computed for the 84th percentile of
the GSD

T, shields stress for the transition from partial to full mo-
bility

o critical Shields for inception of movement

T 54 critical Shields for inception of movement (computed
for the 84th percentile of the surface GSD)

qs* Einstein number (dimensionless bed load rate)

qs volumetric specific bed load rate

Ry bed load supply ratio

a power exponent in the standard hiding function of the
GTM model

s power exponent in the simplified (percentile based)
hiding function

y power exponent setting the values of @i for each per-
centile

Yo- V1 V2 coefficients setting the rate of increase of y when 7/z,

increases

@; fraction of the ith bed surface percentile that is mobile
2 minimum value of ¢i
op representability of grain-size samples
Cint standard deviation of grain size errors
Appendix A.
Bed shear Dmax
stress (N/ Djy, (mm) (mm) bed-
Study reach Source mz) bedload load
Pierre Bénite/ Ramette and 31.2 - 75
Vaugris Heuzel (1962)
26.5 - 50.0
26.4 - 45.0
22.7 - 25.0
Jons/Lyon (Miri- Poinsart 18.5 13.5-32.3  453-985
bel canal) (1992); Petit et
al. (1996)
22.5 14.3-31.9 44.5-118.1

Data used in order to calibrate the GTM model (Recking, 2016) for the Rhone
river.
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