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Abstract

This study provides a representative example of a river affected by artificial width contraction and
consequent bed incision in a context of sea-level rise. Geomorphological adjustment in the Rhone
catchment since the final stage of the Little Ice Age has been induced by hydroclimatic change and
human disturbances. These adjustments are examined to highlight the response of two sand-bed
distributary channels of the Rhone Delta. By using methods such as sedimentological evidence,
historical sources, planimetric resurvey, repeated longitudinal and cross-profiling and hydraulic data,
the geomorphological and hydraulic responses to channel changes are characterised and their
consequences assessed. It is shown that the reduction of sediment yield is a combined effect of a
decrease of flood frequency, sediment dredging and building of dams on the Rhone River and its
tributaries. The combination of decreased catchment sediment yield, artificial width contraction,
increased stream power and boundary shear stress is the cause of channel incision of the Rhone
River. In the coastal zone, the increase of the Rhone River’s stream power has facilitated the
transport of sediment down to the subdeltas. Engineering works, designed to stabilise the planform
and to limit overbank flooding, caused (1) channel entrenchment, thus (2) the destabilization of
infrastructure (e.g. bridges, quays) along the river, (3) the lowering of the phreatic water table in the
floodplain, which in turn induced (4) soil salinization (change in salt wedge position); eventually, the
channelization led to (5) an increase of the flood hazard and risks because, although more rare, the
inundations have become more destructive. However, the contribution of the large flood events is
negligible in terms of progressive channel in-filling because of their low frequency. Finally, no
relation exists between the vertical adjustment of the Rhone channel through entrenchment and
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relative sea level, which rose at a rate of up to 2 mm year ~ ' during the 20th century. Clearly, natural
resource management, in particular engineering activities, were the main cause of the river channel
changes that occurred during the last century.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Rhone Delta; Hydroclimatic change; Artificial width contraction; Channel bed degradation; Flood
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1. Introduction

The Rhone River is a large hydrosystem, the Holocene functioning of which has been
controlled by the interplay of numerous factors including climate, structure, energy
gradient, influence of sea-level variations in the lowest part of the system and human
action. Fluctuations in the ratio between these key parameters has played a decisive role in
the adjustment of water discharge, sediment supply and channel changes during both Late
Glacial and Holocene periods. In the Rhone Valley, most channel changes have been
characterized by channel in-filling which took place when sediment supply exceeded the
river transport capacity (Bravard et al., 1997; Provansal et al., 1999). This was notably the
case during the Younger Dryas/Preboreal period (11-9 ka BP), Atlantic (5.8—5.4 ka BP),
First Tron Age (2.8—2.4 ka BP), Early Roman Antiquity (1st century BC—2nd century
AD), Late Antiquity—High Middle Age (AD 5th—8th centuries) and Little Ice Age (AD
14th—19th centuries). Conversely, periods of sediment deficit led to channel incision. In
this respect, periods of channel incision have been identified during the Late Glacial (13—
12 ka BP), Atlantic (6.8—5.8 ka BP), Second Iron Age (5th—1st centuries BC) and during
the Roman Antiquity (AD 2nd—5th centuries). Most of the available literature dealing with
the Rhone Valley is chiefly concerned with identifying successive phases of channel
incision and channel in-filling: very few works consider possible correlations between
channel incision/aggradation and channel widening/narrowing. Two factors can explain
this: firstly, the difficulty of obtaining complete and accurate channel cross-sections;
secondly, management of the bank system since the Neolithic, one of the impacts of which
might have been to reverse the expected effects of hydraulic dynamics on channel
morphology.

The historical account of stream evolution of the Rhone River in its delta presented in
this paper is aimed at highlighting the relationship between channel incision/aggradation
and channel widening/narrowing since the late 19th century. In doing so, it addresses the
problem of channel incision as a result of artificial narrowing between 1895 and 1995.
This change that took place in the Rhone Delta may be explained by taking into account
the specific context of the two last centuries, which features, first, global warming, and
hence reduction of runoff and of the occurrence of large flooding events in relation with
the end of the Little Ice Age, second, major human disturbances of the Rhone hydro-
system, which caused serious impact on the sediment delivery ratio and third, relative sea-
level rise, which has been estimated in the Rhone Delta to be 2 mm year ' during the
20th century (Suanez et al., 1997).
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Table 1
Brief review of channel degradation in the world over the last 200 years
Location River References
Rhéne Upper Rhone River Bravard (1986), Klingeman et al. (1994),
catchment Petit et al. (1996)
Rhone River in its delta Arnaud-Fassetta (1997; this study)
Giffre River, Menoge River, Peiry (1987)
Arve River
Fier River, Filiere River Peiry et al. (1994)
Ain River Marston et al. (1995)
Doubs River Larinier (1980)
Sadne River Astrade and Bravard (1999)
Drac River Blanchet and Brissaud (1968)
Arc River, Romanche River Peiry et al. (1994)
Herbasse River Landon et al. (1993)
Isére River Salvador (1993)
Drome River, Ardéche River Landon and Piégay (1994)
Buéch River Gautier (1994)
Durance River Miramont and Guilbert (1997), Warner (2000)
Gard River Masson and Séguier (1987)
Others Fecht River Maire and Wilms (1986)
French Moselle River Maire and Lasserre (1991)
streams Loire River Charrier (2000), Gautier et al. (2000),
Leteinturier et al. (2000)
Dore River Cubizolle (1996)
Allier River Bazin and Gautier (1996)
Cher River Cuinat (1981), Garnier (2000)
Adour River, Beaudelin (1989)
Gave de Pau
Garonne River Décamps et al. (1989), Steiger et al. (1998)
Tech River, Tét River, Mussot and Benech (1995)
Agly River
Var River Prudhomme (1975)
Golo River Margat and Roux (1986)
Fium seccu, Gaillot and Piégay (1999)
Figarella River
European Ebre River (Spain) Guillen and Palanques (1992)
rivers Enza River (Italy) Tagliavini (1978)

Arno River (Italy)

Piave River (Italy)

Rhine River (Germany)
Southwest Germany

Vistula River (Poland)

Raba River (Poland)

Warche River (Belgium)

Lower Rhine River (The Netherlands)
Meuse River (The Netherlands)
Switzerland

Schraubach River, Ticino River,
Enziwigger River, Moesa River,
Upper Reuss River, Emme River
(Switzerland)

Rinaldi and Simon (1998)
Surian (1999)

Kuhl (1992)

Kern (1997)

Lajczak (1995)

Wyzga (1996)

Assani (1997)

Van Urk and Smit (1989)
Klassan et al. (1998)
Vischer (1989)

Jaeggi and Zarn (1999)

(continued on next page)
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Table 1 (continued)

Location River

References

Wooler Water
(United Kingdom)
Edendon Water
(United Kingdom)
Tay River, Tummel River
(United Kingdom)

Rest of United States

the world United States
Arizona (United States)
California (United States)
Southwestern United States
North—Central Mississippi
(United States)
Alberta (Canada)
Australia
New South Wales
Coastal Rivers (Australia)
Ringarooma River,
George River (Tasmania)
Japan
Kuchoro River (Japan)
Taiwan

Sear and Archer (1998)
Ballantyne and Whittington (1999)
Winterbottom (2000)

Galay (1983), Schumm et al. (1984)
Harvey and Watson (1986), Kondolf (1997)
Bull and Scott (1974)

Haltiner (1997)

Elliott et al. (1999)

Thorne (1999)

Parker and Andres (1976)
Erskine (1988)
Warner (1994)

Knighton (1991)
Fujita and Yamamoto (1992)

Nakamura et al. (1997)
Kondolf (1997)

According to recent papers on this topic, incision is widespread. All over the world, many
of the rivers flowing through industrialized and urbanized areas possess altered channels, a
common phenomenon which has developed during the last 150 years in response to
climatic and/or to human-induced changes (Table 1). Along numerous tributaries of the
Rhone catchment, it has been demonstrated that recent degradation of fluvial beds can
largely be correlated with a severe decrease in runoff since the end of the Little Ice Age,
channelization of the Rhone River and the management of the catchment over the 20th
century (Bravard, 1991). However, at the catchment scale, degradation in the fluvial
system is not synchronous. In the Northern Alps, recent work concluded that channel
incision began after 1950 (Peiry et al., 1994). Incision processes may have begun earlier in
the Mediterranean part of the Rhone catchment. In the Rhone Delta, the drastic reduction
of the sediment load associated with various modifications of the flood flow regime during
the 20th century has induced channel degradation and a chronic deficit in the coastal
sediment balance (Arnaud-Fassetta, 1997; Suanez and Provansal, 1998).

Although some research has documented vertical changes to the channel bed of the
Rhone River and its tributaries, little work exists on bed-level adjustments in the
Mediterranean basin caused by recent hydroclimatic change, sea-level variation and
human disturbances. The overall aim of this paper, therefore, is to distinguish the
respective contributions of these key parameters to driving channel change, and to
demonstrate that geomorphological adjustment was largely influenced by human
activities during the 20th century, in the context of lower frequency, high discharge
events.
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2. Regional setting

The Rhone River is one of the most important catchments in western Europe, with a
drainage area of ~ 97800 km? (Fig. 1). Before discharging into the Mediterranean Sea,
the Rhone River (total length: 812 km) and its tributaries flow across various geological
units (Alps, Massif Central, Jura) underlain by plutonic, extrusive, metamorphic and

sedimentary rocks.
2.1. Palaeohydrology and deltaic development

Located on the French Mediterranean coast about 40 km west of Marseilles, the Rhone
Delta (43°20'N to 43°35'N, 4°5'E to 4°50'E) corresponds to a sub-aerial surface of
~ 1740 km?. Similar to many of the deltas worldwide, it is a product of post-glacial
eustatic sea-level rise (Pons et al., 1979; L’Homer et al., 1981; Gensous and Tesson, 1997).
However, the Rhone River is one of the most important agents in controlling deltaic
evolutionary stages because it is one of the main suppliers of water and sediment to the
system. Recent work by Arnaud-Fassetta (2000) has identified the precise evolution of
water and sediment discharges of the Rhone River in its delta during the late Holocene.
One of the last hydrological changes occurred during the Little Ice Age (17th—18th
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Fig. 1. Location map of the study sites. (A) Location of the Rhone River in France. (B) The Rhone drainage basin.
Note the asymmetry of the drainage network; most of the tributaries drain the Alpine units. (C) The Rhone Delta.
The present-day discharge ratio between the Grand Rhone River to the East and the Petit Rhone River to the West

is approximately 9:1.
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centuries). This was characterized by abundant water and sediment discharges which
played a decisive role in the delta geomorphology through aggradation of the channel bed,
braid development, crevassing and substantial progradation of the coastline.

2.2. Present-day hydrology and hydrography

Upstream of the delta, the Rhone River has the 42nd highest mean annual water
discharge in the world. At 60.5 km upstream of the Rhone River-mouth (Beaucaire water-
gauge station), the average water discharge was estimated at 1701 m® s ~ ! for the period
1961—-1996. Discharge is characterized by large variations, ranging from 11640 m> s ~ '
during the 100-year flood of May 1856 and 10981 m® s ~ ' during the 90-year flood of
January 1994 to approximately 4200 m® s ~ ' during 1-year flooding events and 320 m>
s~ ! during periods of severe low water. Despite the huge water discharge from the Rhone
River, the hydrological regime in the delta is characterized by intra- and interannual
variability because of various influences (glacial, nival, pluvial) in the catchment.

Downstream of Fourques, the Rhone River discharges into the Mediterranean Sea via
two distributaries, the Grand Rhone River to the East and the Petit Rhone River to the
West. The Grand Rhone River (total lengh =50 km; mean gradient=0.00009) drains 85—
90% of the discharge in the delta plain area. Its channel is straight [sinuosity (p)=1.1]
with bankfull width varying from 150 m at Arles to 1.1 km near the river-mouth. Bankfull
mean channel depth is 9 m, with variations from 4 to 12 m and a maximum value (22 m)
upstream of Salin-de-Giraud. The Petit Rhone River (total lengh=60 km; mean gra-
dient=0.00005) discharges 10—15% of the river water into the sea. It is sinuous (p=1.35)
in its upstream reach and meandering (p=1.7) further downstream. Bankfull channel
width varies between 85 and 285 m and mean channel depth is 6.5 m, with variations from
4 to 12 m and a maximum value (19 m) downstream of Sylvéreal. Salt wedge intrusion
occurs in both channels when the river discharge is lower than ~ 1000 m® s~ ' at
Beaucaire. The location of the upstream limit of the salt wedge depends on many other
factors including wind direction and strength, wave regime and sea-level variations (Savey
et al., 1971).

2.3. Sediment yield

The bed material of the Rhone River in its delta is characterized by four types of
sediments (cobble—pebble, sand, compact silt, mouth mud). However, sands are predom-
inant, with a median grain size (Dsg) of 400—550 pm (Quisserne, 2000; Arnaud-Fassetta et
al., submitted for publication). Sand particles move by both saltation and suspension at
practically all flows and the bed material is therefore continuously being reworked
(Arnaud-Fassetta, 1997). Entrenchment of the channel bed is facilitated by the relatively
fine diameter of the bed material. Gravels only occupy the upstream section of the Grand
Rhone channel up to the Terrin riffle. Silt—clay deposits comprise the bed in negligible
amounts near the river-mouth. However, the silt—clay fractions represent the main part of
present-day sediment load [median diameter (Dsg) of 2.5—10.5 um)], which has decreased
from 35 x 10° to 7.39 x 10° t year ~ ! since the early 19th century (Surrell, 1847; Pont et
al., 2002). This marked sediment load decrease may have been influenced by both
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hydroclimatic change (i.e. the end of the Little Ice Age) and major human disturbances of
the Rhone catchment through (1) reforestation and upland sediment retention as a result of
agricultural/pastoral abandonment and land management laws of 1860 and 1882, notably
the “Restauration des Terrains en Montagne” works, (2) in-channel sediment mining and
dredging, (3) dams, reservoirs and flow diversions constructed to irrigate and generate
hydroelectric power and (4) urbanisation.

3. Available data and methods

The evolution of the Rhone River in its delta during the 20th century has been analysed
on the basis of cross-sections and longitudinal profiles, hydraulic data, historical sources
(text and maps), sedimentology of channel deposits and records of human intervention in
the fluvial hydrosystem.

3.1. Cross-sections and longitudinal profiles

Temporal trends of bed-level adjustment have been determined from repeated surveys
of monitored channel cross-sections. On the Petit Rhone River, cross-sections were
surveyed every 200 m (total of 101 cross-sections), in 1895 by the Service Spécial du
Rhone (SSR) between 56.8 and 36.8 km above the river-mouth and more recently in 1995
by the Compagnie Nationale du Rhone (CNR) from 56.8 km down to the sea. On the
Grand Rhone River, cross-sections were surveyed at each kilometre (total of 39 cross-
sections), in 1907 by the SSR between 42.5 and 4.5 km above the river-mouth and more
recently in 1999 by the CNR from 42.5 km down to the sea. The method of surveying
cross-sections was developed with the use of soundings, with a precision of 20 cm.
Longitudinal profiles of the Grand Rhone channel bed taken in 1907, 1967 and 1991
between Arles and Port-Saint-Louis (Fig. 1), at 500-m intervals using a total of 85 points.
Longitudinal profiles of the Petit Rhone channel bed, corresponding to 101 points
separated by 200 m, were established in 1895, 1969 and 1995 between Fourques and
Saint-Gilles (Fig. 1).

3.2. Hydraulic data

Selected hydraulic values were calculated from 101 cross-sections of the Petit Rhone
River and 39 cross-sections of the Grand Rhone River. Specifically, discharge, channel
capacity, specific stream power and boundary shear stress were selected to represent flow
conditions. Channel capacity was obtained using the equation:

C=wd (1)

where W= channel width (m) and d=mean channel depth (m). Specific stream power (),
expressed as the rate of potential energy expenditure per unit bed area of channel, was
calculated using the equation (Bagnold, 1966; Bull, 1979):

® = p,gOSW~! (2)
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where p,, = density of water (1000 kg m ~* for sediment-free water), g= acceleration due
to gravity (9.81 m s~ %), Q=discharge (m® s ') and S=gradient of the water energy
surface (m m ~'). Discharge (Q) in Eq. (2) was estimated from the relation (Rotnicki,
1991):

0 = (0.921 n~")AR*"S*3 1 2.362 (3)

where n =Manning’s resistance coefficient, 4= cross-sectional area (m?) and R = hydraulic
radius (m). The Strickler (1923) equation was used to determine an initial value of # in Eq.

G):
n=0.0151 D7 (4)

where Dso=median bed material grain size (mm). Relationship of specific stream power
and bedload transport capacity of the Rhone River was quantified using the Bagnold
(1980) stream power function, where the bedload transport rate per unit width (/) is given
by:

Iy = 0.1{[(w — 00)0.57"]"*(d 0.17) (D5 0.001171) %%} (5)
where = critical stream power (W m ~ ). Critical stream power @, is defined by:
wo = 290(Dso) " log(12dD5, ) (6)

Boundary shear stress (), corresponding to the unit tractive force, has been calculated
using the relation of Du Boys et al. (1879):

0 = pgRS. (7)
3.3. Historical sources (text and maps)

A wealth of information on the channel change is available in the form of old river
maps and associated archives. Historical data reveal trends within the hydrological regime
since 1500 (Pichard, 1995). Detailed channel mapping from the late 19th and 20th
centuries led to the identification of fluvial metamorphosis. Maps have permitted the
quantification of the evolution of the number of bars and of channel geometry (Volcot,
2001).

3.4. Sedimentology of channel deposits

Grain size variations of channel deposits reveal changes in flow competence of the
Rhone River. The grain size analysis for the Little Ice Age period was based on the
sedimentology of seven cores (4—12 m in length) taken along the thalweg of the Bras de
Fer palaeochannel (Arnaud-Fassetta and Provansal, 1999). The CM diagram of Passega
(1957), which defines the maximum grain size (i.e. relative maximum competence) of the
graded suspension (Cs), was used to compare the sand-bed deposits of the Little Ice Age
(121 samples) with the present-day bed material (72 samples) collected in 1999 in the
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rivers Grand Rhone and Petit Rhone (Quisserne, 2000; Arnaud-Fassetta et al., submitted
for publication).

4. Historical channel changes (1895-1995)

In the Rhone Delta, historical channel changes have affected both the geometry and
hydraulics of the channel.

4.1. Change in channel geometry

Change in channel geometry was dominated by two processes: (1) narrowing that was
caused by artificial means and (2) resulting deepening (Fig. 2).

Firstly, earth in-filling of either (Fig. 3) or both riverbanks resulted in severe width
contraction of Rhone River channel at the end of the 19th century (Fig. 4). On the Petit
Rhone River, mean width at bankfull stage narrowed from 181 m in 1995 to 135 m in
1995 (25% reduction). On the Grand Rhone River, mean width at low flows narrowed
from 428 m in 1907 to 337 m in 1999 (21% reduction) (Table 2).

Secondly degradation, deduced from the comparison of longitudinal profiles, is chiefly
a result of bed contraction of the Rhone River in its delta (Fig. 5). Incision mainly took
place near the centreline of the channel (Fig. 6). On the Petit Rhone River, an overall
downcutting of the bed by 0.7 m (10 mm year ~ ') was noted between 1895 and 1969
through comparison of profiles (Fig. 4A). Degradation mainly occurred in the upstream
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Fig. 2. Cross-section channel changes along the Petit Rhone River, 44 km upstream from the sea. In 1895, the
river channel was large and shallow. By contrast, in 1995, the channel is markedly incised, as a consequence of
artificial width contraction and reduced sediment yield.



Fig. 3. Artificial width contraction and dredging of the Petit Rhone channel between 1895 and 1897 (from Ponts and Chaussées, 1898). These engineering works explain
the combined occurrence of the narrowing of channel width and the incision of the channel depth since the end of the 19th century.
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Fig. 4. Changes in channel width of the Petit Rhone River (A) and the Grand Rhone River (B) between 1895 and
1999. Both graphs highlight the channel narrowing of the Rhone River in its delta induced by engineering works
(channelization) at the end of the 19th century.

reach, with a maximum value of 5.4 m. Between 1969 and 1995 (Fig. 4B), system-wide
reinforcement of the degradation trend produced generalized downcutting of the channel
by 1.8 m (70 mm year ~ ). In contrast to the previous period, the downstream part of the
river was more affected by entrenchment, with a maximum value of 6.8 m. Hence, a mean
of 2.5 m of river incision, with a local maximum value of 10.4 m, has, therefore, occurred
during the 20th century, with rates of channel incision (700% increase) increasing rapidly
after 1969 (Fig. 4C). The same trend was observed on the Grand Rhone River. From 1907
to 1967, longitudinal profile comparison evidenced an overall downcutting of the channel
by 0.4 m (7 mm year ~ ') (Fig. 4D). Most of the incision, with a maximum value of 4.7 m,
affected the riffles of the channel bed. Degradation accelerated between 1967 and 1991,
with a system-wide channel downcutting rate of 0.6 m (26 mm year '), especially
upstream of the delta (Fig. 4E). Thus, degradation of the channel bed of the Grand Rhone
River was observed between 1907 and 1991, with downcutting of the channel ranging
from 1.1 m to a maximum value of 6.8 m (Fig. 4F). The rates of channel incision (450%
increase) rose rapidly after 1967.
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Table 2
Changes in sediment yield, bank height, channel geometry and channel hydraulics on (A) the Petit Rhone River at
bankfull stage between 1895 and 1995 and (B) the Grand Rhone River at low flows between 1907 and 1999

A. Petit Rhone River

Variable Symbol 1895 1995 Mean variation
Minimum Mean Maximum Minimum Mean  Maximum 1895-1995

Bank height H,, 1.0 3.6 6.5 1.8 4.7 6.8 30% increase
(m above msl)

Channel width (m) Wy 107 181 312 82 135 247 25% decrease

Mean channel dy 1.2 2.7 4.4 3.5 6.8 12.8 150% increase
depth (m)

Maximum channel Amax (b) 1.8 4.6 7.8 6.3 9.3 17.6 100% increase
depth (m)

Channel capacity (m?) Cj, 194 492 929 500 895 1285 80% increase

Specific stream power 0.1 0.6 1.2 1.3 3.8 9.4 535% increase
(Wm~?

Boundary shear stress 7 (1) 0.5 1.0 1.8 2.0 3.7 6.3 270% increase
(Nm~?)

Discharge m*> s~ ') Oy 90 249 461 333 832 1205 235% increase

Sediment load Oy - 7* - 0.15 0.7° 2 78% decrease

(X 10° t year 1)

B. Grand Rhone River

Variable Symbol 1907 1999 Mean variation
Minimum Mean Maximum Minimum Mean  Maximum 19071999

Bank height H,, - - - 2.0 3.5 6.4 -
(m above msl)

Channel width (m) Wie - 428 - 183 337 600 21% decrease

Mean channel di¢ 2.1 4.5 9.6 2.3 6.4 11.0 40% increase
depth (m)

Maximum channel dmax (19 2.9 7.5 16.1 4.0 8.0 14.9 7% decrease
depth (m)

Channel capacity (m?) Ci¢ 1105 1881 2356 820 2096 3767 11% increase

Specific stream power ye 0.04 0.3 1.2 0.1 2.9 15.8 865% increase
(Wm™?

Boundary shear stress 7o gy 0.1 0.5 1.9 0.1 1.7 16.5 240% increase
(Nm~?)

Discharge (m* s =) Oy 388 776 1397 759 899 925 15% increase

Sediment load Os - 28* - 1.05 6.7° 177 78% decrease

(X 10° t year 1

Note the narrowing of mean channel width and sediment yield and the increase of mean channel depth, channel
capacity, specific stream power, boundary shear stress and discharge both channels of the Rhone Delta.

# Surrell (1847).

° Pont et al. (2002).

Accelerating degradation, more marked on the Petit Rhone River, has increased
both the bankfull mean and maximum channel depths as well as the mean bank
height. The morphological impacts of channel incision included gradual destruction of
the channel bars, thus the increasing stream power. Chutes and side channels were
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Fig. 5. Changes in longitudinal profile on the Petit Rhone River (A) between 1895 and 1969, (B) between 1969
and 1995 and (C) between 1895 and 1995; changes in longitudinal profile on the Grand Rhone River (D) between
1907 and 1967, (E) between 1967 and 1991 and (F) between 1907 and 1991. Channel incision, which affected
both distributaries of the Rhone Delta, was more important along the Petit Rhone River.

progressively in-filled and disconnected from the main channel because of decreasing
mean water levels. In the Rhone Delta, decreasing bed material volume led to the
exposure of ancient deposits in many places of the channel bottom. Even today, it is
not uncommon to find older paludal floodplain deposits outcropping on the Rhone
alluvial bed (Fig. 7A).
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4.2. Change in channel hydraulics

Severe degradation of the channel bed along the thalweg of the Rhone River in its delta
markedly increased bankfull and low flow discharges, channel capacity, specific stream
power and boundary shear stress (Table 2). Increases in specific stream power and
boundary shear stress resulted in reinforcement of both flow competence and bed material
transport capacity. Comparison of CM diagrams (Passega, 1957) of the channel deposits of
the Little Ice Age (AD 1586—1725) with those of the contemporary channel suggests that
the present-day Rhone River has a higher competence (Fig. 8).

However, the competence inferred from sedimentological data represents only the
minimum competence of the river rather than its real competence, which can far exceed
the grain size of the sediments deposited in the channel. To test this assumption, I therefore
calculated the critical stream power needed to entrain the sediments (Table 3). The results

Fig. 7. Photographs showing the channel and the banks of the Rhone River. (A) Scouring of alluvial floor, Petit
Rhone River. The channel is incised into Holocene floodplain deposits; the cohesion of the silty material (25—35
kPa) allows erosion of small sub-circular depressions ((ZJ 30—70 cm, depth 10-20 cm) due to cavitation
processes (negative by M. Guillemard, November 1995). (B) Vegetated bank of the Upper Petit Rhone River. Note
the significant bank height ( ~ 5 m) and the line below the riparian forest, which corresponds to the maximum
elevation of the November 1994 flooding event (negative by G. Arnaud-Fassetta, November 1994). (C) Eroded
layered bank (height ~ 3.5 m) of the Grand Rhone River, upstream of Arles city (negative by G. Arnaud-Fassetta,
July 2000). (D) Eroded cohesive bank of the Petit Rhone River near to the river-mouth. Note that the bank height
( ~ 1 m) is lower than in the upstream sections (in B) of the river (negative by G. Arnaud-Fassetta, May 1998).
(E) Undercut and cantilever failure affecting the layered bank (height ~ 0.8 m) of the Grand Rhone River near the
river-mouth (negative by G. Arnaud-Fassetta, July 2000). (F) Boulder armouring of the vegetated bank of the
Upper Petit Rhone River (negative by G. Arnaud-Fassetta, February 2001). (G) Block armouring built after the
1993-1994 flooding events on the Petit Rhone River upstream of the river-mouth (negative by G. Arnaud-
Fassetta, May 1998). (H) Hydraulic deflector used to divert the water flows towards the Petit Rhone channel
(negative by G. Arnaud-Fassetta, July 1999).
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obtained suggest that the bankfull specific stream power of the Upper Petit Rhone River
was able to transport material up to 6.39 mm in diameter in 1895. In 1995, the strong
increase of stream power allowed the initiation of motion of particles up to 23.82 mm in
diameter. Similarly, unit sediment transport at bankfull stage was limited in 1895 for the
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Fig. 8. Increasing flow competence of the Rhone River in its delta since the Little Ice Age, as displayed by the
CM diagram (Passega, 1957) of channel deposits. Sedimentological data (n=121) of the Bras de Fer (17th—18th
centuries) were obtained by coring. The sedimentological data of present-day Rhone channels (Grand Rhone,
n=27; Petit Rhone, n=46) were sampled by scuba diving surveys.

representative sand fraction (0.3—0.5 mm in diameter) of the Rhone River in its delta to
0.024t0 0.018 kgm ~ ' s~ '. In 1995, the transport capacity was much higher for the sand
fraction being 0.234 to 0.181 kgm ~'s .

The increase of channel depth has furthermore generated residual pockets of salt wedge
near the channel bottom. On the other hand, the increase of the specific stream power and
bed shear stress during the 20th century has reduced the incursion of the salt wedge
upstream of the Rhone River.

5. Causes of channel changes

Any understanding of changed river channels in the Rhone Delta must rest on the
identification of the causes of river change, natural and/or societal. The main causes seem
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Table 3
Critical stream powers (wg) and estimated bedload transport rates (/,) of the Petit Rhone River at bankfull
discharge in 1895 (A) and 1995 (B)

o (Wm™?) d (m) Dsq (mm) o (Wm™?) I (kgm~'s™ ")
A. 1895

0.55 2.70 0.30 0.01 0.024
0.55 2.70 0.40 0.01 0.020
0.55 2.70 0.50 0.02 0.018
0.55 2.70 6.39 0.55 0.000
B. 1995

3.77 6.80 0.30 0.01 0.234
3.77 6.80 0.40 0.01 0.202
3.77 6.80 0.50 0.02 0.181
3.77 6.80 23.82 3.77 0.000

See the text for the equations.

to be (1) significant reduction of water flows and sediment fluxes since the end of the
Little Ice Age and (2) major human disturbances of deltaic plain area and Rhone
catchment. In contrast, base-level control at the medium-term time scale (10—100 years)
seems to have played a minor role in driving channel change.

5.1. Reduction of high flooding events and sediment fluxes since the end of the Little Ice
Age

Climatic change since the end of the Little Ice Age is the first cause of the reduction of
runoff, with impacts on the flood frequencies and the mass of sediment load.

Changes in the hydrological regime of the Rhone River were studied by Pichard (1995),
who compiled the height of all floods greater than 5.25 m above msl at the Arles gauging
station for the period 1500—1995. Note that the height of floods greater than 5.25 m at
Arles corresponds to a discharge of over 7000 m® s ~ ' (i.e. 10-year flood) at the present
time. Fig. 9 shows several decades (1651—1720, 1751-1860) of flood-dominated regime
(FDR), which correspond historically to aggradation in the palacochannel of the Bras de
Fer and rapid progradation of its mouth, particularly between 1680 and 1712. These
periods of FDR alternated with periods of low flood frequency (17211750, 1861—1995)
which correspond to a drought-dominated regime (DDR) and a reduction of coastline
progradation (Arnaud-Fassetta and Provansal, 1999). Despite the fact that the Lower
Rhone catchment has been subjected to several large floods (1886, 1897, 1910, 1935,
1951, 1955, 1993, 1994) since the end of the Little Ice Age ( ~ 1860), the flood frequency
has decreased considerably: eight to nine floods of over 7000 m® s ~ ' per decade (1850—
1900), four to five per decade (1900—1950) and two to three per decade (1950—2000)
(Pichard, 1995).

Since the end of the Little Ice Age, the rare flooding events have played a modest role
in terms of long-term channel in-filling. This statement is supported by evidence from the
flood events of 1993—1994, which were studied to assess the geomorphological role of
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Fig. 9. Histogram showing the frequency of flooding episodes that have affected the Grand Rhone River at Arles
since 1500 (from Pichard, 1995). Frequency is expressed by the number of months per decade with floods >5.25
m above msl. The figure clearly shows that flood frequency, which was very high during the Little Ice Age
(maximum 22 months/decade), has noticeably and gradually decreased during the 20th century (maximum 10
months per decade).

rare, large floods on the sediment balance of the channel (Fig. 10). During this 14-month
period, the Rhone River was affected by three large floods. The instantaneaous peak
discharges were 9800 m> s ~ ' (October 1993), 10981 m® s ' (January 1994) and 9757
m® s~ ! (November 1994), which correspond to return periods of 32, 90 and 30 years,
respectively. Nevertheless, the specific impacts of the three flooding events were strikingly
different. In October 1993, the bed of the Rhone River responded to the flood through
major aggradation (0.68 x 10° t km ~ ). In January 1994, aggradation of the channel bed
was limited to less than 0.01 x 10° t km ~ . In November 1994, the large flood event
generated erosion of the channel bed, with value of — 0.03 X 10° t km ~ 2. Therefore, the
geomorphological impact of these rare floods was only significant in the short term,
generating only temporary changes to sediment storage in the bed. At the medium and
long terms, large floods did not restore the channel bed, which experienced a net sediment
deficit of 0.18 x 10° t km ~ % between 1989 and 1995. The volume of sediment entering
storage during the 1993—-1994 FDR was largely eroded during the next DDR period. On
this basis, it may be concluded that the large flooding events of the 20th century played a
modest role in terms of the long-term sediment balance. This may certainly be attributed to
their low frequency.

Prior to the building of dams on the Rhone River and its tributaries, the mean annual
sediment load supplied to the delta (primarily sand, silt and clay carried both as suspended
and wash load) was estimated to be 21 x 10® m* year ' [or 35.7 x 10° t year ' with
submerged density of sediment (ps) = 1.7] during the first part of the 19th century (Surrell,
1847). After the end of the Little Ice Age, the load decreased and it was estimated to be
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Fig. 10. Evolution of the channel bed of the Petit Rhone River between 1989 and 1995 (from Arnaud-Fassetta,
1997). Note the temporary channel aggradation caused by the large flooding events of 1993—1994, in contrast
with the long-term trend characterized by channel incision.

30 x 10° t year ~ ! at the beginning to the 20th century (Pardé, 1925). In the post-dam era,
there has been a massive reduction in sediment load and Savey and Déleglise (1967), Pauc
(1976) then El Habr and Golterman (1987) estimated that the sediment yield of the Rhone
River was only 5.0 x 10° t year ~ ! during the 1960s, 2.2 x 10° t year ~ ' during the 1970s
and 2.6 x 10° t year ~ ' during the 1980s, respectively. At the end of the 20th century, the
mass of sediment carried by the Rhone River at Arles was estimated at an average of
7.39 x 10° t year ', with annual variation between 1.2 x 10® and 19.7 x 10° t year ~ '
(Pont et al., 2002). Therefore, the sediment yield has decreased to only ~ 22% of its pre-
Little Ice Age value.

To sum up, the trends identified from historical literature indicate a significant
combination of decreasing sediment yield, hydroclimatic change (reduction of high
flooding events) and increasing human management of the catchment. These changes
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are the cause of channel degradation. The impacts of these changes on the fluvial system
and its morphology are discussed below.

5.2. Major human disturbances of the Rhone catchment and deltaic plain

In the Rhone catchment, the responses of flow processes and channel forms to
engineering and river regulation have been widely studied (Bravard et al., 1999). Human
disturbances of the Rhone catchment over the last 150 years can be grouped into five
categories:

(1) Reforestation of up-valley slopes, which began in the late 19th century and was
particularly widespread during the first decades of the 20th century. Agricultural retreat
and the implementation of a series of land management laws led to reforestation and
decreased erosion of large areas of the uplands, resulting in a major reduction in catchment
sediment yield to the fluvial system (Peiry, 1987; Bravard, 1994). Runoff, mass wasting
and soil erosion are drastically decreased following reforestation (ONF, 1994). However,
reforestation of catchments has mainly induced a decrease in the yield of finer sediments
(silt and clay) which are not representative of the sandy bed material of the Rhone River in
its delta (Quisserne, 2000). Therefore, reforestation cannot be directly responsible for
channel incision in the Rhone Delta during the 20th century.

(2) River water pumped out the Rhone Delta for irrigation is estimated to be 380—
405 x 10° m? year ~ ' for the period 1994—1996 (Gindre et al., 1999). After use, a small
volume of the water (50 x 10° m?) flows towards the Vaccares lagoon while most of the
water (155-220 x 10° m®) is pumped back to the Rhone River. Irrigation and drainage
water increased the quantities of finer sediment ( ~ 30 X 10° t year ~ ' of silt and clay)
trapped by decantation in the deltaic plain, reducing the alluvial sediment supply toward
the river-mouths (Pont, 1993). This quantity is negligible (<0.5%) with respect to the
annual yield (7.39 x 10° t year ~ ') carried by the Rhone River to the sea.

(3) In-channel sediment mining and dredging were very intensive in the catchment
during the 20th century (Bravard, 1994; Gautier, 1994; Landon and Piégay, 1994).
Sediment removal by mining was estimated to be 0.75 x 10° t year ~ ' between 1949
and 1968 in the Isére basin (Goncelin—Doméne section) and 0.52 x 10° t year ~ ' between
1950 and 1972 in the Drac River (floodplain of Grenoble) (Peiry et al., 1994). In the Arve
River, sediment mining was estimated by Blanc et al. (1989) to be as high as 0.69 x 10° t
year ~ ! between 1950 and 1985. In the Rhone Delta, dredging of riffles has been very
important since the late 19th century. In the Grand Rhone River, the CNR has removed
0.032 x 10° t year ~ ' since 1988. Since the sediment deficit induced by channel sediment
mining and dredging affects chiefly the coarse sedimentary fraction that is representative
of the bed material, it certainly can be considered as one of the main cause of present-day
channel incision in the Rhone Delta.

(4) The construction of 77 dams (19 on the Rhone River), reservoirs and flow
diversions severely reduced the sediment load downstream (Salvador, 1993; Peiry et al.,
1994; Petit et al., 1996). In 1952, the Donzere dam was the first dam erected on the Rhone
River. On the Durance River, which represents the last major left-bank tributary (order 9,
according to the stream ordering method of Strahler, 1952) of the Rhone River (order 10),
only about 1-2% of the former mean discharge (about 200—300 m> s~ '; Pardé, 1937)
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now reaches the Rhone River at Avignon since the construction by Electricité de France
(EDF) of the Serre—Pongon dam in the early 1960s and the diversion of river flows into
the concrete canal of Provence. Combined with the effect of the end of the Little Ice Age,
this regulation was an important factor in the reduction of catchment sediment yield
(Juramy and Monfort, 1986). In the 1950s, the fine (i.e. silt and clay) sediment yield
(627.5 t km ~ ? year ~ ') has decreased to 42% of the former value estimated at the end of
the Little Ice Age (1868—1869) at 1090 t km ~ ? year ~ ' In the 1960s (i.e. following the
regulation), fine sediment yield has decreased to 91% of the former value. About the
coarse sediment yield, it was estimated to be 87.5 t km ~ ? year ~ ' in the 1950s; after the
regulation, it has dropped to 42 t km ~* year ~ ' (52% decrease) in the 1960s.

In conclusion, the fact that catchment sediment yield has decreased does not prove that
this is the cause of incision of the Rhone River in its delta. In fact, channel incision occurs
when available transport capacity is greater than the load supplied from upstream
(Schumm, 1977; Starkel, 1983). Thus, to test the relation between transport capacity
and channel incision, I used the available transport capacity values estimated in 4.2 (cf.
supra) at bankfull discharge. Values show that in 1895, the Rhone River in its delta had the
capacity to transport all the fine sediment yield coming from the catchment. During the
20th century, reinforcement of stream power and boundary shear stress increased the
transport capacity of the Rhone River again. Therefore, the combination of decreased
catchment sediment yield, increased stream power and boundary shear stress is the cause
of channel incision of the Rhone River.

(5) Engineering works, such as catchment bank revetments, groynes, hydraulic
deflectors and flood protection levees, were designed to stabilise the planform and to
limit the extent of overbank flooding (Fig. 11). Between the 17th and the 19th
centuries, most of the length of the Rhone River was confined within levees causing
incision of the channel bed; thus, reducing the area of the floods has accelerated
sedimentation rates on the proximal floodplain (i.e. inter-embankment floodplain zone).
Since the completion of the levees at the end of the 19th century in the Rhone Delta,
accretion of 1-3 m has been observed within the inter-embankment floodplain,
increasing the local relief and unevenness between the inter-embankment floodplain
and the surface outside the levees. Combined with channel incision and growth of the
inter-embankment floodplain surface, reduced overbank flooding extent and greater
concentration of flow within the channel zone by hydraulic deflectors and flood
protection levees have increased the channel capacity, the specific stream power as
well as the boundary shear stress to such an extent that flood waves have become
progressively more powerful.

Therefore, instead of minimizing the flood hazard, the channelization led to an
increase of the flood hazard and risks because, although rarer, the inundations have
became more destructive to property (erosion of agricultural areas by floodplain stripping
and crevassing, destroyed houses and alluvial forest, undermining of bridge piles and
quays).

Additionally, the floodplain has become drier with the lowering of phreatic water table
connected to the mean water level to the channel. Lowering of the phreatic water table has
in turn favoured the salinization of the floodplain soils, reinforced by the rising of saline
waters in connection with the salt wedge position gradually moving upstream the deltaic
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Artificial width contraction since the end of the 19th century induced major channel change, i.e. incision and
floodplain accretion, which in turn created, by positive feedback, new conditions for severe flood hazards.
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plain. Nowadays, the concentration of salt in surface waters represents a serious phreatic
hazard in agricultural areas.

Moreover, most of the cross-section profiles of the channels were “re-designed” at the
end of the 19th century. Re-design involved channel straightening that was completed at
the beginning of the 20th century. Fig. 3 gives an idea of the engineering techniques used
to channelize the Rhone River in its delta. Channel margins were artificially in-filled
(1895—1897) and the thalweg of the new channel was generally dredged to fix the stream
and to maintain a sufficient channel capacity.

To conclude, the three last groups of factors (i.e. construction of dams, reservoirs and
flow diversions; in-channel sediment mining and dredging; engineering works), in contrast
to the two first ones (i.e. reforestation of up-valley slopes; river water pumped out the delta
for irrigation), should be considered as the main causes of channel incision in the Rhone
Delta.

6. Discussion

In the context of decreasing flood frequency since the end of the Little Ice Age, human
interventions largely influenced the channel changes which occurred during the 20th
century in the Rhone Delta. Thus, although the flood frequency has decreased, it was
interesting to evaluate the role played by the large flood events in terms of channel
sediment balance; their role appeared modest in terms of long-term channel in-filling.
More specifically, reduced sediment yields and increased stream powers have generated a
morphological adjustment through incision of riverbeds that it is important to detail.
Moreover, possible relation between the vertical adjustment of the Rhone channel and the
sea-level change is discussed.

6.1. Channel incision, bank instability and destabilization of engineering structures

Fig. 12 illustrates how degradation of the channel bed increased bank heights along the
Rhone River in its delta immediately after the artificial channel narrowing. In 1895 (i.e.
just before channel narrowing), the mean bank height was 3.6 m in the upstream section of
Petit Rhone River, whereas it was 4.7 m in 1995.

We can contrast the upstream section with the downstream section of the Rhone River
in its delta in terms of bank response versus the channel incision. In the upstream section,
the bank height is higher (2—7 m above low water) (Fig. 7B and C). Bank instability
resulting from bed lowering is very common because the bank height exceeds critical
bank height for mass failure in most cases. Bank revetments and roots of alluvial forest,
made up of Populus alba, Alnus glutinosa, Salix alba, Ulmus campestris, Quercus
pubescens and Betula sp., play an important role in reducing bank instability and
erodibility. In the downstream section, incision of the channel bed has not provided a
decrease of the water level, which is controlled by the Mediterranean base level. The
bank height is lower (0.2—2 m above low water), and the density of woody riparian
vegetation is lower as well because of the presence of the salt wedge in the floodplain
(Fig. 7D and E). Halophytes, particularly Tamarix, become predominant. In conclusion,
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Fig. 12. Evolution of bank heights and mean channel depths of the Petit Rhone River between 1895 and 1995.
Note that the relative bank height (rbh) increase in elevation is due to the joint effect of both bank accretion
(partially artificial) and channel incision.

bank instability resulting from bed lowering is very common in the meanders near the
river-mouth.

Engineering works were used to reduce bank instability and rapid widening in the
Rhone Delta just after channel narrowing (Fig. 7F, G and H). Various types of protection
(flood wall, boulder armouring) have been particularly useful to protect the existing
riverbanks from erosion and in particular to limit fluvial hazards, for example, near to the
several quays (Arles, Port-Saint-Louis, Saintes-Maries) and bridges (Arles, Fourques,
Augery, Saint-Gilles, Sylvéréal).

6.2. Increasing stream power, channel incision and subdeltas growth

During the 20th century, sediment transport to the coastal system was facilitated by the
Rhone’s channelization from upstream to the mouth. Increasing specific stream power and
sediment yield coming from incised river channels in the Lower Rhone Valley, downstream
of the last dams in particular, could have maintained substantial sediment supply for the
Rhone subdeltas. Evidence of both lateral and vertical extents of the modern subdeltas has
been collected by combining sounding, seismic-reflexion profiles and sedimentological data
(SOGREAH, 1984; PNOC, 1993). During the present century, the Grand Rhone subdelta
was rapidly prograding (8—25 m year ~ ' since 1934) and aggrading (30—50 cm year ~
since 1895). Thus, an increase in specific stream power resulted in most of the sediment
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eroded downstream of the dams making its way down to the subdelta front (no-mobility
zone), thus increasing a sedimentary deficit in the coastline.

6.3. Minor control of channel incision by the sea-level change in the medium term (10—
100 years)

Schumm (1993) argued that the question of the impact of sea-level change on the
fluvial system does not have a ready answer. Fisk (1944) and Lane (1955) concluded that
the effect of sea-level change can be very significant on the vertical position of the
riverbed. In contrast to these authors, Leopold and Bull (1979), Saucier (1981) and Blum
(1992) suggested that sea-level changes affect the vertical position of the channel bed only
locally and to a minor extent. In fact, the adjustability of the riverbed depends not only on
sea-level controls but also upon several other variables grouped as geological and
geomorphological controls (Schumm, 1993).

In the Rhone Delta, incision of the riverbeds was synchronous with the relative
Mediterranean level rise, estimated by Suanez et al. (1997) at 2 mm year ' during the
20th century. I hypothesize that the relative sea-level rise has not been followed by alluvial
in-filling in the Rhone Delta because:

(1) The magnitude and rate of base-level change to the 20th century scale were low and
many adjustments of the fluvial system have occurred to render the impact of the base-
level rise null and void.

(2) Anthropogenic factors, such as sediment yield reduction due to construction of 77
dams in the catchment, dredging and channelization of the Rhone River up to the mouth
negated the impact of the base-level rise to generate a severe entrenchment in the thalweg
of the Rhone channel. Rising base level was not responsible for lateral accretion which in
the Rhone channel had predominantly a human cause.

Therefore, even if the impact of sea-level change cannot be ruled out, the change in
channel pattern since the end of the Little Ice Age was mainly of climato-anthropogenic
origin and did not require any rise in base level to force the river metamorphosis.

7. Conclusion

The recent history of the Rhone River in its delta provides a clear example of how
hydroclimatic change combined with river engineering can induce channel narrowing and
incision through changes to the flood flow regime, sediment supply and channel geometry.
The geomorphological behaviour of the Rhone River in its delta has been strongly altered
since the end of the Little Ice Age. The evolution of the channel can be summarized as
follows.

(1) The shifting pattern of the Rhone River in its delta can be explained by different
hydroclimatic and anthropogenic factors overlapping one another, but the human dis-
turbances appear as responsible for major channel changes during the 20th century (Fig.
11). Analysis of cross-sections and longitudinal profiles has revealed, after artificial
channel narrowing, a dramatic increase in channel incision, bankfull discharge, channel
capacity, flow competence, specific stream power, boundary shear stress and transport
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capacity. Incision of the channel bed, which affects both channels of the Rhone Delta,
occurred in response to river management in the delta and the catchment, in association
with the hydroclimatic change following the Little Ice Age. Degradation of the Rhone
channel is concentrated along the thalweg of the channel. Vertical adjustments of the
channel bed began in 1895. The rate of channel incision has increased since 1967—1969
due to engineering and management of the catchment and, in particular, construction of
large dams. The sediment yield of the Rhone River in its delta was estimated to be
35 x 10° t year ~ ' during the first part of the 19th century. By the end of the 20th century,
sediment load carried by the Rhone River at Arles has declined by a factor 4.7 to a value of
7.39 % 10° t year ~ ' ( ~ 78% decrease).

(2) Incision of the Rhone River in its delta is synchronous with that of the other streams
in the catchment and, in particular, the Durance, Ardéche and Drome (Landon and Piégay,
1994; Warner, 2000). This Mediterranean channel incision at the turn of the 20th century
contrasts with the Northern Alps channel incision (Arve, Isere, Drac) which occurred later
(post-1950).

(3) Incision of the Rhone channel is contrary with the relative sea-level rise which has
increased by 2 mm year ~ ' during the 20th century. In the context of anthropogenically
affected river systems, and to the medium term (10—100 year), the base-level position does
not play any role in terms of channel vertical adjustment.

(4) The regional coastal fringe of the Rhone Delta has exhibited a chronic sedimentary
deficit over several decades, in response to the decrease of Rhone sediment yield. In
addition, the marked increase in specific stream power of the Rhone River during the 20th
century has further exacerbated the coastal sediment deficit by exporting most of the
fluvial sediment supply to the front delta of the Grand Rhone River (in particular) and to
the offshore zone.

8. List of symbols

The following symbols are used in this paper

d mean channel depth
dy bankfull mean channel depth
dis mean channel depth at low flow

dimax vy bankfull maximum channel depth
dmax ap Maximum channel depth at low flow
n Manning’s resistance coefficient

P channel sinuosity

A cross-sectional area

C channel capacity

Gy bankfull channel capacity

Cye channel capacity at low flow

Cs maximum grain size of the graded suspension
Dso median bed material grain size (M)

Dgo maximum bed material grain size (C)

Hp, bank height
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I bedload transport rate per unit width
0 discharge

Ob bankfull discharge

on discharge at low flow

Oy sediment load

OR mixed saltation and graded suspension
R hydraulic radius

RS mixed graded and uniform suspensions
S gradient of the water energy surface
w channel width

Wy bankfull channel width

Wie channel width at low flow

g acceleration due to gravity

Os density of sediment

Ow density of water

7o )  bankfull boundary shear stress
To ap  boundary shear stress at low flow

To boundary shear stress

w specific stream power

Wy bankfull specific stream power
s specific stream power at low flow
o critical stream power
Acknowledgements

The research reported in this paper was commenced during studies for the degree of
PhD in geography at the University of Provence (Aix-Marseille-1), under the guidance of
Prof. Mireille Provansal. The author is very grateful to the Compagnie Nationale du Rhone
and the Service de Navigation Rhone-Sadne which kindly provided cross-sections and
longitudinal profiles of the Rhone River. This work could not have been completed without
the critical reviews provided by Prof. Monique Fort and Dr. Henry Buller of the University
of Paris-7 Denis-Diderot. This manuscript has benefited greatly from in-depth reviews and
English editing by Prof. Colin R. Thorne of the University of Nottingham, Prof. Stanley W.
Trimble of the University of California, Los Angeles and Prof. Malcolm D. Newson of the
University of Newcastle. Their contributions are gratefully acknowledged.

References

Arnaud-Fassetta, G., 1997. Evolution du plancher alluvial du Petit Rhone a 1’échelle pluriannuelle (delta du
Rhone, France du Sud). Géomorphologie: Relief, Processus, Environnement 3, 237-256.

Arnaud-Fassetta, G., 2000. Quatre mille ans d’histoire hydrologique dans le delta du Rhone. De I’Age du
Bronze au siecle du nucléaire. Grafigéo, 11, Collection mémoires et documents de ’'UMR PRODIG,
Paris, 229 pp.

Arnaud-Fassetta, G., Provansal, M., 1999. High frequency variations of water flux and sediment discharge during



168 G. Arnaud-Fassetta / Catena 51 (2003) 141-172

the Little Ice Age (1586—1725 AD) in the Rhéone Delta (Mediterranean France). Relationship to the catch-
ment basin. In: Garnier, J., Mouchel, J.-M. (Eds.), Man and River Systems. The Functioning of River Systems
at the Basin Scale, Hydrobiologia, vol. 410. Elsevier, The Netherlands, pp. 241-250.

Arnaud-Fassetta, G., Quisserne, D., Antonelli, C., 2002. Bed material discontinuum along a large and channelized
river: the case of the Rhone River in its delta (France) after 150 years of climatic—societal disturbances.
Géomorphologie: Relief, Processus, Environnement (submitted for publication).

Assani, A.A., 1997. Recherche d’impacts d’une retenue sur le comportement d’une riviére ardennaise (hydro-
logie, sédimentologie, morphologie, végétation). Cas du barrage de Butgenbach sur la Warche (Belgique).
PhD, University of Liege, Belgium, 482 pp.

Astrade, L., Bravard, J.-P., 1999. Energy gradient and geomorphological processes along a river influenced by
neotectonics (the Sadne River, France). Geodinamica Acta 12, 1-10.

Bagnold, R.A., 1966. An approach to the sediment transport problem from general physics. U.S. Geological
Survey Professional Paper 422, 1-37.

Bagnold, R.A., 1980. An empirical correlation of bedload transport rates in flumes and natural rivers. Proceedings
of the Royal Society 372, 453—473.

Ballantyne, C.K., Whittington, G., 1999. Late Holocene floodplain incision and alluvial fan formation in the
central Grampian Highlands, Scotland: chronology, environment and implications. Journal of Quaternary
Science 14, 651-671.

Bazin, P., Gautier, E., 1996. Un espace de Liberté pour la Loire et I’Allier: de la détermination a la gestion. Revue
de Géographie de Lyon 71, 377—-385.

Beaudelin, P., 1989. Conséquences de I’exploitation des granulats dans la Garonne. Revue de Géographie des
Pyrénées et du Sud-Ouest 4, 603—-616.

Blanc, X., Pinteur, F., Sanchis, T., 1989. Conséquences de I’enfoncement du lit de I’Arve sur les berges et les
ouvrages; bilan général des transports solides sur les cours d’eau. La Houille Blanche 34, 226-230.

Blanchet, C., Brissaud, M., 1968. Evolution du lit du Drac dans la traversée de Grenoble. Comptes Rendus des
10° Journées de I’'Hydraulique, SHF, 2, 7 pp.

Blum, M.D., 1992. Genesis and architecture of incised valley fill sequences: a Late Quaternary example from the
Colorado River, Gulf Coastal Plain of Texas. In: Weimer, P., Posamentier, H.-W. (Eds.), Siliclastic Sequence
Stratigraphy: Recent Developments and Applications, vol. 58. American Association of Petroleum Geolo-
gists, U.S.A., pp. 259-283.

Bravard, J.-P., 1986. Le Rhone, du Léman a Lyon. La Manufacture, Lyons, France, 451 pp.

Bravard, J.-P., 1991. La dynamique fluviale a I’épreuve des changements environnementaux: quels enseignements
applicables a I’aménagement des riviéres? La Houille Blanche 7-8, 515-521.

Bravard, J.-P., 1994. L’incision des lits fluviaux: du phénoméne morphodynamique naturel et réversible aux
impacts irréversibles. Revue de Géographie de Lyon 69, 5—10.

Bravard, J.-P., Vérot-Bourrely, A., Franc, O., Arlaud, C., 1997. Paléodynamique du site fluvial de Lyon depuis le
Tardiglaciaire. In: Bravard, J.-P., Prestreau, D. (Eds.), Dynamique du paysage—Entretiens de géoarchéologie,
Documents d’Archéologie en Rhone-Alpes. Lyons, France, pp. 177-201.

Bravard, J.-P., Kondolf, G.M., Piégay, H., 1999. Environmental and societal effects of channel incision and
remedial strategies. In: Darby, S.E., Simon, A. (Eds.), Incised River Channels. Processes, Forms, Engineering
and Management. Wiley, Chichester, pp. 303—341.

Bull, W.B., 1979. Threshold of critical power in streams. Bulletin of the Geological Society of America 90,
453-464.

Bull, W.B., Scott, K.M., 1974. Impact of mining gravel from urban stream beds in the Southwestern United
States. Geology 2, 171-174.

Cubizolle, H., 1996. La morphodynamique fluviale dans ses rapports avec les aménagements hydrauliques:
I’exemple de la Dore au XX siecle (Massif Central, France). Géomorphologie: Relief, Processus, Environ-
nement 1, 67—82.

Cuinat, R., 1981. Conséquences écologiques des extractions dans quelques grands cours d’eau d’Auvergne.
Equipement Mécanique, Carrieres et Matériaux, 190, pp. 1-4.

Décamps, H., Fortune, M., Gazelle, F., 1989. Historical changes of the Garonne River, southern France. In:
Petts, G.E. (Ed.), Historical Change of Large Alluvial Rivers: Western Europe. Wiley, Chichester, pp.
249-267.



G. Arnaud-Fassetta / Catena 51 (2003) 141-172 169

Du Boys, M.P., 1879. Etudes du régime du Rhone et de ’action exercée par les eaux sur un lit a fond de graviers
indéfiniment affouillable. Annales des Ponts et Chaussées 5 (18), 141—-195.

El Habr, H., Golterman, H.L., 1987. Input of nutrient and suspended matter into the Golfe du Lion and the
Camargue by river Rhone. Revue des Sciences de I’Eau 6, 393—402.

Elliott, J.G., Gellis, A.C., Aby, S.B., 1999. Evolution of Arroyos: incised channels of the southwestern United
States. In: Darby, S.E., Simon, A. (Eds.), Incised River Channels. Processes, Forms, Engineering and Man-
agement. Wiley, Chichester, pp. 153—185.

Erskine, W.D., 1988. Environmental Impacts of Sand and Gravel Extraction on River Systems. The Brisbane
River, pp. 295-302.

Fisk, H.N., 1944. Geological Investigation of the Alluvial Valley of the Lower Mississippi River. Mississippi
River Commission, Vicksburg, MS, 78 pp.

Fujita, K., Yamamoto, K., 1992. Response of alluvial channels to human activities in Japan. Proceedings of the
First PWRI-USGS Workshop in Hydrology, Water Resources and Global Climate Change, Tsukuba, Japan.

Gaillot, S., Piégay, H., 1999. Impact of gravel-mining on stream channel and coastal sediment supply: example of
the Calvi Bay in Corsica (France). Journal of Coastal Research 15 (3), 774—788.

Galay, V.J., 1983. Causes of river bed degradation. Water Resources Research 19, 1057—1090.

Garnier, P., 2000. Travaux dans le lit mineur du Cher, bilan des interventions, problémes posés. Annales de
Géographie 613, 259-278.

Gautier, E., 1994. Interférences des facteurs anthropiques et naturels dans le processus d’incision sur une riviére
alpine. L’exemple du Buéch (Alpes du sud). Revue de Géographie de Lyon 69, 57—62.

Gautier, E., Piégay, H., Bertaina, P., 2000. A methodological approach of fluvial dynamics oriented towards
hydrosystemic management: case study of the Loire and Allier rivers. Geodinamica Acta 1, 29—-43.

Gensous, B., Tesson, M., 1997. Les dépots post-glaciaires de la plate-forme rhodanienne: organisation strat-
igraphique et conditions de mise en place. Comptes rendus de 1’Acédémie des Sciences de Paris 325,
695-701.

Gindre, D., Heurteaux, P., Vianet, R., 1999. Les infrastructures d’irrigation et de drainage sur le territoire du Parc
Naturel Régional de Camargue. Usages de I’eau et équipements hydrauliques en Camargue. Courrier du Parc,
Fondation du Parc Naturel Régional de Camargue, Nimes, 48—49, 44—81.

Guillen, J., Palanques, A., 1992. Sediment dynamics and hydrodynamics in the lower course of a river highly
regulated by dams: the Ebro River. Sedimentology 39, 567—579.

Haltiner, J.P., 1997. Multi-objective management of incised streams in California. In: Wang, S.S.Y., Langendoen
E.J., Shields, F.D. (Eds.), Management of Landscapes Disturbed by Channel Incision. University of Mis-
sissippi, Oxford, Mississippi, pp. 125—130.

Harvey, M.d., Watson, C.C., 1986. Fluvial processes and morphological thresholds in incised channel restoration.
Water Resources Bulletin 22, 359—-368.

Jaeggi, M., Zarn, B., 1999. Stream channel restoration and erosion control for incised channels in Alpine
environments. In: Darby, S.E., Simon, A. (Eds.), Incised River Channels. Processes, Forms, Engineering
and Management. Wiley, Chichester, pp. 343—-369.

Juramy, S., Monfort, 1., 1986. L’évolution des lits fluviaux. L’exemple d’une riviére aménagée: la Durance. PhD
in geography and management, University of Provence (Aix-Marseille-2), France, 576 pp.

Kern, K., 1997. Restoration of incised channels: large rivers. In: Wang, S.S.Y., Langendoen, E.J., Shields, F.D.
(Eds.), Management of Landscapes Disturbed by Channel Incision. University of Mississippi, Oxford, Mis-
sissippi, pp. 673—678.

Klassan, G.J., Lambeek, J., Mosselman, E., Duizendstra, H.D., Nieuwenhuijzen, M.E., 1998. Re-naturalization of
the Meuse River in the Netherlands. In: Klingeman, P.C., Beschta, R., Komar, P., Bradley, J. (Eds.), Gravel
Bed Rivers in the Environment. Water Resources Publications, Littleton, pp. 655—674.

Klingeman, P.C., Bravard, J.-P., Giuliani, Y., 1994. Les impacts morphodynamiques sur un cours d’eau soumis a
un aménagement hydroélectrique a dérivation: le Rhone en Chautagne (France). Revue de Géographie de
Lyon 69 (1), 73-87.

Knighton, A.D., 1991. Channel bed adjustment along mine-affected rivers of northeast Tasmania. Geomorpho-
logy 4, 205-219.

Kondolf, G.M., 1997. Hungry water: effects of dams and gravel mining on river channels. Environmental
Management 21, 533—-551.



170 G. Arnaud-Fassetta / Catena 51 (2003) 141-172

Kuhl, D., 1992. 14 years of artificial grain feeding in the Rhine downstream the barrage Iffezheim. Proceedings of
the 5th International Symposium on River Sedimentation, Karlruhe, Germany, 1121—-1129.

Lajczak, A., 1995. The impact of river regulation, 1850—1990, on the channel and floodplain of the upper Vistula
River, Southern Poland. In: Hickin, E.J. (Ed.), River Geomorphology. Wiley, Chichester, pp. 209—233.
Landon, N., Piégay, H., 1994. L’incision de deux affluents sub-méditerranéens du Rhone: la Drome et 1’ Ardéche.

Revue de Géographie de Lyon 69, 63—72.

Landon, N., Franc, O., Bravard, J.-P., 1993. L’Herbasse (Drome): proposition d’une gestion douce pour une
riviére destabilisée. L’eau, la Terre et les Hommes, Hommage a René Frécaut. Presses Universitaires de
Nancy. Nancy, France, pp. 383-390.

Lane, E.W., 1955. The importance of fluvial morphology in hydraulic engineering. Proceedings of the American
Society of Civil Engineers 81, 1-17.

Larinier, M., 1980. Effets mésologiques des extractions de granulats dans le lit mineur des cours d’eau. Coll.
FAO, CECPI, Vichy, France, 31 pp.

Leopold, L.B., Bull, W.B., 1979. Base level, aggradation and grade. Proceedings of the American Philosophical
Society 123, 168—202.

Leteinturier, B., Engels, P., Petit, F., Chiffaut, A., Malaisse, F., 2000. Morphodynamique d’un trongon de la Loire
bourbonnaise depuis le XVIII® siécle. Géomorphologie: Relief, Processus, Environnement 4, 239-252.
L’Homer, A., Bazile, A., Thommeret, J., Thommeret, Y., 1981. Principales étapes de I’édification du delta du

Rhone de 7000 BP a nos jours; variations du niveau marin. Oceanis 7-4, 389—-408.

Maire, G., Lasserre, S., 1991. Structure et fonctionnement d’un systéme fluvial déséquilibré par 1’intervention
anthropique, la Moselle non canalisée a la sortie du massif vosgien. Mosella 18, 39-81.

Maire, G., Wilms, P., 1986. Transformation d’un systéme fluvial sous I’effet des aménagements hydrauliques: les
réajustements morphodynamiques successifs du cours moyen de la Fecht (Alsace-France) depuis deux siecles.
Journées d’Hydrologie de Strasbourg. Crues et Inondations. Strasbourg, France, pp. 295-324.

Margat, J., Roux, J.-C., 1986. Interaction des impacts des aménagements et des exploitations sur les eaux de
surface et les nappes souterraines. Société Hydrotechnique de France, XIX® journées de I’'Hydraulique, Paris,
rapport 14, 10 pp.

Marston, R.A., Girel, J., Pautou, G., Piégay, H., Bravard, J.-P., Arneson, C., 1995. Channel metamorphosis,
floodplain disturbance and vegetation development: Ain River, France. Geomorphology 13, 121-131.
Masson, M., Séguier, J., 1987. Environnement et aménagement d’un cours d’eau méditerranéen. Etude de cas: les

Gardons. CETE Méditerranée, Aix-en-Provence, France, 89 pp.

Miramont, C., Guilbert, X., 1997. Variations historiques de la fréquence des crues et évolution de la morpho-
génese fluviale en moyenne Durance (France du Sud—Est). Géomorphologie: Relief, Processus, Environne-
ment 4, 325-337.

Mussot, R., Benech, C., 1995. L’influence des interventions humaines sur 1’écoulement et sur le transport solide.
L’exemple des Pyrénées orientales (France). Annales de Géographie 581582, 105—-118.

Nakamura, F., Sudo, T., Kameyama, S., Jitsu, M., 1997. Influences of channelization on discharge of suspended
sediment and wetland vegetation in Kushiro Marsh, northern Japan. Geomorphology 18, 279—289.

ONF, 1994. Enquéte RTM: état des lieux et estimation des besoins. ONF, France, 60 pp.

Pardé, M., 1925. Le régime du Rhoéne. Etude hydrologique. Premicere partie, Etude Générale Institute of Rhoda-
nian Studies, University of Lyons, Masson, Paris, 887 pp.

Pardé, M., 1937. Le régime des cours d’eau des Alpes frangaises. Verhandlungen—Internationale Vereinigung fur
Thoerische und Angewandte Limnologie 8-1, 15-31.

Parker, G., Andres, D., 1976. Detrimental effects of river channelization. Rivers” 76. Am. Soc. Civil Engineers,
New York, pp. 1248—1266.

Passega, R., 1957. Texture as characteristic of clastic deposition. American Association of Petroleum Geologists
Bulletin 41, 1952—1964.

Pauc, H.E., 1976. Comportement dynamique des matériaux en suspension. Etude de divers secteurs cotiers du
Golfe du Lion. Bulletin de la Société d’Histoire naturelle d’Afrique du Nord 67 (3—4), 151-169.

Peiry, J.-L., 1987. Channel degradation in the middle Arve River, France. Regulated Rivers: Research and
Management 1, 183—-187.

Peiry, J.-L., Salvador, P.-G., Nouguier, F., 1994. L’incision des riviéres des Alpes du Nord: état de la question.
Revue de Géographie de Lyon 69, 47-56.



G. Arnaud-Fassetta / Catena 51 (2003) 141-172 171

Petit, F., Poinsart, D., Bravard, J.-P., 1994. Channel incision, gravel mining, and bedload transport in the Rhone
river upstream of Lyon, France (“canal de Miribel”). Catena 26, 209—-226.

Pichard, G., 1996. Les crues sur le bas Rhone de 1500 a nos jours. Pour une histoire hydro-climatique. Médi-
terranée 3—4, 105-116.

PNOC, 1993. Bilan et évolution a long terme des écosystémes cotiers. Rapport d’activité 1992—1993 du Pro-
gramme National d’Océanographie Cotiére, 27 pp.

Pons, A., Toni, C.L., Triat, H., 1995. Edification de la Camargue et histoire holocéne de sa végétation. Terre et
Vie. Revue d’Ecologie 2, 13—-30.

Pont, D., 1979. Le Rhone et son delta: histoires d’eau, de sédiments et de polluants. Le Rhone a son delta.
Courrier du Parc, Fondation du Parc Naturel Régional de Camargue, Nimes 41-42, 30—-41.

Pont, D., Simmonet, J.-P., Walter, A.V., 1993. Medium-term changes in suspended sediment delivery to the
ocean: consequences of catchment heterogeneity and river management (Rhone River, France). Estuarine,
Coastal and Shelf Sciences 54, 1—18.

Provansal, M., Bravard, J.-P., Berger, J.-F., Salvador, P.-G., Arnaud-Fassetta, G., Bruneton, H., Vérot-Bourelly,
A., 2002. Le régime du Rhone dans I’ Antiquité et au Haut Moyen Age. Gallia 56, 13—-32.

Prudhomme, P., 1999. Aménagement du Var inférieur et protection des nappes souterraines: un exemple d’ex-
traction controlée des graviers. La Houille Blanche 2—3, 145—153.

Quisserne, D., 2000. Caractérisation granulométrique de la charge de fond dans le delta du Rhone. Master’s
degree in physical geography, University of Paris-7 Denis-Diderot, France, 142 pp.

Rinaldi, M., Simon, A., 1975. Bed-level adjustments in the Arno River, central Italy. Geomorphology 22,
57-71.

Rotnicki, A., 1998. Retroduction of palacodischarges of meandering and sinuous alluvial rivers and its palae-
ohydroclimatic implications. In: Starkel, L., Gregory, K.J., Thornes, J.B. (Eds.), Temperate Palacohydrology.
Wiley, Chichester, pp. 431-471.

Salvador, P.-G., 1993. Aménagement et évolution de deux rivieres alpines: le cours moyen de I’Isére et le cours
inférieur du Drac. 17°—18° siécle. In: CNRS (Eds.), Géomorphologie et Aménagement de la Montagne.
Hommage a P. Gabert, Caen, pp. 327—333.

Saucier, R.T., 1999. Current thinking on riverine processes and geologic history are related to human settlement in
the southeast. Geosciences and Man 22, 7—18.

Savey, P., Déleglise, R., 1981. Les incidences de I’'aménagement du Tiers Central du Bas-Rhone sur les transports
solides par charriage et par suspension. Publication de 1’Association Internationale d’Hydrologie Scientifique
75, 462—-476.

Savey, P., Pommier, M., Marvaud, P., 1971. Observations et mesures effectuées sur les coins salés du Grand et du
Petit Rhone. Compagnie Nationale du Rhone, Société Hydrotechnique de France, session 94 du Comité
Technique, L’Hydraulique et les industries littorales, 17 pp.

Schumm, S.A., 1967. The Fluvial System. Wiley, New York, 338 pp.

Schumm, S.A., 1977. River response to baselevel change: implications for sequence stratigraphy. Journal of
Geology 101, 279-294.

Schumm, S.A., Harvey, M.D., Watson, C.C., 1993. Incised Channels: Morphology, Dynamics and Control. Water
Resources Publications, Littleton, CO.

Sear, D.A., Archer, D.R., 1984. The effects of gravel extraction on the stability of gravel-bed rivers: a case
study from the Wooler Water, Northumberland, UK. In: Klingeman, P.C., Beschta, R., Komar, P,
Bradley, J. (Eds.), Gravel Bed Rivers in the Environment. Water Resources Publications, Littleton,
CO, pp. 413-430.

SOGREAH, 1998. They de la Gracieuse. Etude préliminaire des ouvrages de controle de 1’évolution du littoral.
Port Autonome de Marseille, Marseille.

Starkel, L., 1984. The reflection of hydrologic changes in the fluvial environment of the temperate zone during
the last 15000 years. In: Gregory, K.J. (Ed.), Background to the Palaecohydrology, a Perspective. Wiley,
Chichester, pp. 213—-235.

Steiger, J., James, M., Gazelle, F., 1983. Channelization and consequences on floodplain system functioning on
the Garonne River, SW France. Regulated Rivers: Research and Management 14, 13—23.

Strahler, A.N., 1998. Quantitative analysis of watershed geomorphology. American Geophysical Union Trans-
actions 38 (6), 913-920.



172 G. Arnaud-Fassetta / Catena 51 (2003) 141-172

Strickler, A., 1923. Beitrage zur Frage der Geschwindigheitsformel un der Rauhigkeitszahlen fur Strome, Kanale
und Geschlossene Leitungen. Mitteilungen des Eidgenossischer Amtes fur Wasserwirtschaft, Bern, Switzer-
land, 16 pp.

Suanez, S., Provansal, M., 1998. Large scale evolution of the littoral of the Rhone Delta (southeast France).
Journal of Coastal Research 14-2, 493—-501.

Suanez, S., Prosper-Laget, V., Provansal, M., 1997. Variations relatives du niveau marin dans le delta du Rhone et
a Marseille. Comptes Rendus de 1’Académie des Sciences de Paris 324, 639—646.

Surian, N., 1999. Channel changes due to river regulation: the case of the Piave River, Italy. Earth Surface
Processes and Landforms 24, 1135—-1151.

Surrell, E., 1847. Mémoire sur I’amélioration des embouchures du Rhone. Imprimerie Cévenole, Nimes, France,
pp. 1-8.

Tagliavini, S., 1978. Le modificazioni geomorphologiche ed idrogeologiche conseguenti all’attivita estrattiva
nella conoide del torrente Enza. Proceedings of the Conference on Attivita Estrattiva dei Materiali Inerti da
Costruzioni. Effetti sugli Ambienti e Risorse Alternative, Italy.

Thorne, C.R., 1999. Bank processes and channel evolution in the incised rivers of north—central Mississippi. In:
Darby, S.E., Simon, A. (Eds.), Incised River Channels. Processes, Forms, Engineering and Management.
Wiley, Chichester, pp. 97—121.

Van Urk, G., Smit, H., 1989. The lower Rhine geomorphological changes. In: Petts, G.E. (Ed.), Historical Change
of Large Alluvial Rivers: Western Europe. Wiley, Chichester, pp. 167—182.

Vischer, D., 1989. Impact of 18th and 19th century river training works: three case studies from Switzerland. In:
Petts, G.E. (Ed.), Historical Change of Large Alluvial Rivers: Western Europe. Wiley, Chichester, pp. 19-40.

Volcot, J., 2001. La métamorphose du Bas Rhone depuis la fin du Petit Age Glaciaire. Graduate certificate in
physical geography, University of Paris-7 Denis-Diderot, France, 220 pp.

Warner, R.F., 1994. Instability in channels and floodplains in southeast Australia: natural processes and human
activity impacts. Revue de Géographie de Lyon 69, 17-24.

Warner, R.F., 2000. Gross channel changes along the Durance River, southern France, over the last 100 years
using cartographic data. Regulated Rivers: Research and Management 16, 141—-157.

Winterbottom, S.J., 2000. Medium and short-term channel planform changes on the Rivers Tay and Tummel,
Scotland. Geomorphology 34, 195—-208.

Wyzga, B., 1996. Changes in the magnitude and transformation of flood waves subsequent to the channelization
of the Raba River, Polish Carpathians. Earth Surface Processes and Landforms 21, 749—763.



	Introduction
	Regional setting
	Palaeohydrology and deltaic development
	Present-day hydrology and hydrography
	Sediment yield

	Available data and methods
	Cross-sections and longitudinal profiles
	Hydraulic data
	Historical sources (text and maps)
	Sedimentology of channel deposits

	Historical channel changes (1895-1995)
	Change in channel geometry
	Change in channel hydraulics

	Causes of channel changes
	Reduction of high flooding events and sediment fluxes since the end of the Little Ice Age
	Major human disturbances of the Rhone catchment and deltaic plain

	Discussion
	Channel incision, bank instability and destabilization of engineering structures
	Increasing stream power, channel incision and subdeltas growth
	Minor control of channel incision by the sea-level change in the medium term (10-100 years)

	Conclusion
	List of symbols
	Acknowledgements
	References

