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Abstract

Abstract The evolution of the Rhéne delta coast is analysed using digitally processed data obtained from field surveys effected in
1895, aerial photographs taken in 1940, 1950, 1960, 1970, 1980 and 1990, and a DGPS-based survey carried out in 2000. The
whole dataset was integrated into a Geographic Information System to determine coastline retreat and advance and to quantify
gains and losses of land area at the coastal fringe of the delta. It is shown that sediment input from the Rhoéne, longshore drift
currents and sea defences have had a marked influence on space-time variations of the position of the coastline. These data
enable characterisation of the morphose- dimentary circulation at the coast, and the identification of a clear pattern of littoral
sediment cells.

Résumé

Résumé La cinématique du littoral du delta du Rhéne est étudiée par le traitement numérique de relevés de terrains effectués en
1895, de photographies aériennes prises dans les années 1940, 1950, 1960, 1970, 1980, 1990, et d'un relevé au DGPS
(Differential Global Posi- tionning System) réalisé en 2000. L'ensemble de ces données a été intégré dans un Systéme
d'Information Géographique pour déterminer des vitesses de recul et d'avancée du trait de cote et pour quantifier les surfaces
gagnées ou perdues par la frange littorale. Le réle des apports sédimentaires rhodaniens, des courants de dérive, et des
ouvrages de défense du littoral, dans les variations spatiotemporelles de la position du trait de céte, est mis en évidence. Ces
données permettent de dessiner la circulation morphosédimentaire a la céte qui s'organise en cellules de dérive littorale.
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Evolution of the Rhone delta coast since the end
of the 19th century

Cinématique du littoral du delta du Rhéne
depuis la fin du xixe siecle

Francois Sabatier* and Serge Suanez**

Abstract

The evolution of the Rhone delta coast is analysed using digitally processed data obtained from ficld surveys effected in 1895, aerial
photographs taken in 1940, 1950, 1960, 1970, 1980 and 1990, and a DGPS-based survey carried out in 2000. The whole dataset was
integrated into a Geographic Information System to determine coastline retreat and advance and 1o quantify gains and losses of land
area at the coastal fringe of the delta. It is shown that sediment input from the Rhone, longshore drift currents and sca defences have
had a marked influcnce on space-time variations of the position of the coastline. These data enable characterisation of the morphose-
dimentary circulation at the coast, and the identification of a clear pattern of littoral sediment cells.

Key words: Geographic Information System. spit, beach, coastal defences, littoral cell.

Résumé

La cinématique du littoral du delta du Rhone est étudiée par le traitement numérique de relevés de terrains effectués en 1895, de pho-
tographies aériennes prises dans les années 1940, 1950, 1960, 1970, 1980, 1990, et d'un relevé au DGPS (Differential Global Posi-
tionning System) réalisé en 2000. L'ensemble de ces données a été intégré dans un Systéme d'Information Géographique pour déter-
miner des vitesses de recul et d'avancée du trait de cote et pour quantifier les surfuces gagnées ou perdues par la frange littorale. Le
role des apports sédimentaires rhodaniens, des courants de dérive, et des ouvrages de défense du littoral, dans les variations spatio-
temporelles de la position du trait de cote, est mis en évidence. Ces données permettent de dessiner la circulation morphosédimentaire
a la cote qui s'organise en cellules de dérive littorale.

Mots clés : Systeme d'Information Géographique, fleche littorale, plage, digues, épis, cellules de dérive littorale.

Version frangaise abrégée

Le delta du Rhéne est un delta dominé par la houle dont
la forme générale s'articule autour de deux bras : le Grand
Rhone a l'est et le Petit Rhone a l'ouest des Saintes-Maries-
de-la-Mer. La frange littorale représente environ 90 km de
cotes sableuses qui s'étendent de la fleche de la Gracieuse a
l'est de l'embouchure du Grand Rhone jusqu'au complexe
touristique du Grau-du-Roi a l'ouest de la fleche de U'Espi-
guette (fig. 1). Alors que les travaux antéricurs sur la ciné-
matique du rivage ne concernent que la partie orientale du
delta du Rhone pendant une cinquantaine d'années (Suanez
et Simon, 1997 ; Suanez et al., 1998), cet article propose une

analyse séculaire (entre 1895 et 2000) de U'ensemble du lit-
toral du delta du Rhone.

Plusieurs étapes, reprises et commentées par M. Provan-
sal et al. (ce volume), décrivent la construction holocéne du
delta du Rhéne qui commence aux alentours de 7000 BP.
Cette histoire montre que lallure générale du littoral actuel
est atteinte au début du xvir siecle laissant en mer une mor-
phologie particuliére en lobes (Bras de fer et Pégoulier) en
face des anciennes embouchures (Vieux Rhéne et ancien
débouché du Grand Rhéne) (fig. 2 et fig. 3). Les données sur
la charge solide rhodanienne indiquent une diminution des
apports depuis le xix siécle : entre 22 et 30 Mtfan au tout
début du xx siccle (Surell, 1847 in Vernier, 1976 ; Pardé,
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1925) puis 7,39 a 9,6 Mt/an a la fin de ce méme siecle (Anto-
nelli, 2002 ; Pont ct al,, 2002). Cette diminution s'explique
par une moindre fréquence des crues annuelles (Pichard,
1995) en relation avec la fin du Petit Age Glaciaire. Les
effets du climat sont également amplifiés par les mutations
de l'occupation du sol dans le bassin versant : la déprise
agricole, la reforestation et l'aménagement des cours d'eau,
notamment la construction des barrages hydro-électriques a
partir des années 1950-1960 qui piégent une grande partie
de la charge fluviale grossiére. Les houles et les courants
qu'elles induisent restent les agents déterminants de la
dynamique marine. Les houles proviennent de trois direc-
tions principales (fig. 4). La houle de SW est la plus fré-
guente (30 % du total du régime) mais elle est peu énergé-
tique. Les houles de SSE et ESE représentent respectivement
16 % et 11 % du régime total annuel ; elles sont trés éner-
gétiques et associées a la cyclogeneése méditerranéenne qui
se manifeste principalement aux périodes d'équinoxe.
Aujourd’hui, plus de 80 % de la frange littorale est équipée
de structures de protection cotiere (Suanez et Sabatier,
1999). La fléche de la Gracieuse est renforcée par une dune
artificielle depuis 1988 tandis que l'avancée des crochons
est contrélée par l'échouage de barrages qui jouent le role
d'épis (photos 1 et 2). Le littoral de Faraman, des Saintes-
Maries-de-la-Mer et de Petite Camargue est équipé de plu-
sieurs batteries d'épis, de nombreuses digues et de quelques
brises-lames depuis le milieu des années 1980 (photos 3, 4
et 5). Au bout de la fleche de I'Espiguette, une digue a été
édifiée en 1968 pour bloquer le transit littoral et protéger la
marina de Port Camargue de l'ensablement (photo 6).

Les données utilisées dans cet article pour étudier la ciné-
matique du littoral du delta du Rhone reposent : 1) sur des
levés de la position du rivage qui ont été effectués par les
ingénieurs de 'EPSHOM en 1895 ; 2) sur une collection de
photographies aériennes couvrant la période allant de 1944
a 1998 avec une périodicité de 5 a 10 ans (tab. 1) ; enfin, 3)
sur un levé effectué en 2000 au moyen d'un GPS différentiel.
Reposant sur des techniques modernes de traitement numé-
rique d'images et d'analyse par Systéme d’'Information Géo-
graphique (SIG), ce travail fournit des données nouvelles et
exhaustives sur les variations du trait de céte (fig. 5 a 10) et
sur les surfaces gagnées ou perdues par la frange littorale
(fig. 11 et fig. 12).

Les variations du trait de cote montrent que, sur l'en-
semble de la période, les valeurs les plus importantes sont
enregistrées a proximité des embouchures du Grand Rhone
et du Petit Rhone, respectivement +2500 m et -1000 m ainsi
que sur les fleches sableuses de la Gracieuse (+2600 m), de
Beauduc (+1500 m) et de 'Espiguette (+1500 m) (fig. 5, 6,
8, et 10). Les littoraux de Faraman, des Saintes-Maries-de-
la-Mer et de la Petite Camargue qui représentent 70 % du
linéaire cétier sont soumis a l'érosion et enregistrent res-
pectivement un recul supérieur a 250 et 500 m depuis 1895
(fig. 7 et 9). L'évolution séculaire nette entre les surfaces
gagnées et perdues par la frange littorale est excéden-
taire de 2,38 knv’, mais dans le détail, trois périodes se dis-
tinguent (fig. 11). Entre 1895 et 1944, le littoral camarguais
enregistre un gain de 3,87 kn’, entre 1944 et 1987-89-90
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une perte de 1,70 km et enfin un Iéger gain de 0,21 km®
entre 1987-90 et 1998-2000. La répartition spatiale de
I'évolution de la frange littorale divise le littoral du delta du
Rhone en deux secteurs (fig. 12) : le premier, de la fléche de
la Gracieuse a l'est du Grau de la Dent ou les variations du
trait de céte sont chaotiques et ne montrent pas de tendance
évidente sur la durée de l'étude ; le second, situé a l'ouest du
Grau de la Dent jusqu'a U'Espiguette, ou les secteurs en
recul et en avancée se distinguent clairement.

Les résultats de la cinématique du rivage mettent d'abord
en évidence le réle des structures de protection cotiére qui
limitent le recul du rivage depuis les années 1980 et 1990.
Cependant, 'évolution sous-marine demeure mal connue et
l'on peut s'attendre a une déstabilisation des ouvrages a plus
long terme (Paskoff, 1998 ; Sabatier et Provansal, 2002).
Ensuite, notre analyse souligne les liens entre l'évolution de
lu frange littorale et les apports sédimentaires du fleuve a la
mer. Pendant les périodes de forts débits (entre 1895 et
1944), le littoral avance tandis qu'il recule ensuite (entre
1944 et 1987-90) en relation avec une diminution drastique
des apports rhodaniens. Cette derniére s'explique par la
déprise agricole et avec elle, la re-végétalisation du bassin
versant rhodanien (Bravard, 1989 ; Warner, 2000). De plus,
cette période enregistre les conséquences de la fin du Petit
Age Glaciaire auxquelles s'ajoutent, a partir des années
1950-1960, les effets de la construction des barrages hydro-
électrigues qui piegent une grande partie des débits solides
fluviaux (Klingeman et al., 1994 ; IRS, 2001). Enfin, la ciné-
matique du trait de cote est interprétée selon le concept de la
cellule de la dérive littorale qui associe un secteur d'accu-
mulation alimenté en sables par un secteur en cours d'éro-
sion sous l'effet de la circulation modale des courants de
dérive (Komar, 1998) (fig. 13). Nous distinguons quatre cel-
lules littorales dont la plus originale (CEL 3) se trouve dans
la partie centrale du delta ou elle est alimentée a l'est et a
l'ouest par deux secteurs en voie d'érosion (fig. 13). Le golfe
et la fleche de Beauduc jouent aujourd'hui le réle de "réser-
voir" pour le littoral du delta du Rhéne tout comme le pro-
delta de Roustan qui est nourri par les apports rhodaniens.
Le démantelement des sous-deltas fossiles de Pégoulier et du
Bras de Fer participe également a la dynamique morpho-
sédimentaire actuelle en alimentant en sables le littoral.

La connaissance de la cinématique du trait de coéte,
depuis 105 ans, effectuée au moyen d'un SIG permet de pro-
poser des cartes utiles aux aménageurs de l'espace littoral.

Introduction

The evolution of the Rhone delta coast (fig. 1) has been
the subject of many studies, the earliest of which date back
to the 1950s (Duboul-Razavet, 1956; Junict, 1962; Vernier,
1976; Blanc, 1977). These studies were very localised and
based on classical techniques of manual cartography that,
nevertheless, threw light on the recent evolution of this del-
taic coast. However, such studies failed to provide quantita-
tive information at the scale of the cntire delta. The first
genceral mapping study used to quantify the changes of the
Camarguc coastline dates from the early 1990s (L'Homer,
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1992). This author gave values of coastal retreat and
advance in m/yr for the decade 1980, and made a forecast
for 2025. However, his results were not based on any precise
methodology but simply on the compilation of the pre-
viously quoted work.

Recently, S. Suanez and B. Simon (1997) and S. Suanez
and M. Provansal (1998) rcalised a diachronic study of sho-
reline change at the semi-secular scale on the eastern part of
the delta, from La Gracieuse spit to the Gulf of Beauduc
(fig. 1). Although these efforts have been useful in explai-
ning patterns of shoreline behaviour, there is still a need for
investigation of time-space behaviour of the entire Rhone
delta shoreline. The present study aims to analyse the such
change between 1895 to 2000, based on modern techniques
of digital image analysis and treatment by GIS (Geographic
Information System). This study provides new and more
precise data on the evolution of the Rhone delta coast over
a time span of more than a century. The present results also
confirm the important role played by variations in the sedi-
ment input of the Rhone in controlling sediment supply to
the beaches. Finally, the study shows the contribution of
coastal defence structures in the protection or possible ero-
sion of the coastline.

Environmental setting

Presentation of the site

According to the classification of W.E. Galloway (1975),
the Rhone delta is recognised as a wave dominated delta.
The shoreline is made up of approximately 90 km of sandy
barred beaches extending from La Gracieuse spit to Espi-
guette spit (fig. 1). The bifurcation of the river upstream of
Arles gives rise to two arms: the Grand Rhone in the east,
which runs into the sea at the Grau de Roustan, and the Petit

Evolution of the Rhdne delta coast since the end of the 19th century

Rhone in the west, whose outlet, the Grau d'Orgon, is situa-
ted to the west of Saintes-Maries-de-la-Mer. The general
shape of the coastline is formed around these two arms.

The build-up of the Rhone delta plain began at around
7,000 years BP and took place in several stages (Kruit, 1955
Triat-Laval, 1978; Pons et al., 1979; L'Homer ¢t al., 1981;
Arnaud-Fassetta, 1998; Vella and Provansal, 2000; Vella,
2002; Provansal et al., this volumce). While it is outside the
scope of this article to give a description of this history, it is
important, nevertheless, to mention the role of: 1) sediment
supply from the Rhone river in controlling the rate and
degree of coastal progradation, 2) swell wave action lcading
to the lateral redistribution of sedimentary material, 3) varia-
tions in sea-level favouring the progradation of the coastline
during regressive phases (stagnation), or on the contrary, lca-
ding to filling of the channels that partly controls avulsion of
the riverbed during transgressive phases.

The current shoreline began to take its present shape from
the beginning of the 18th century. Following an important
flood in 1711, the Rhone of the Bras de Fer channel changed
coursc towards the east and assumed it present-day configu-
ration as the Grand Rhone (fig. 2). Erosion of the deltaic lobe
abandoned by the shift of the channel led to the build-up of
the Beauduc spit towards the west (fig. 2). During the 19th
century, the position of the mouth of the Grand Rhone was
directly rclated to human activities. From a natural configu-
ration with three outlets (Graus de Piémanson, Roustan and
Pégoulier), the mouth was artificially concentrated initially
towards the southeast (Grau de Pégoulier), and then after
1892 towards the south (Grau de Roustan) (fig. 3). Since the
beginning of the 18th century, successive displacements of
the mouths have thus given rise to the offshore abandonment

Fig. 1 — Location map.

Fig. 1 — Carte de localisation.
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Fig. 2 — Défluvation du Grand Rhéne d'aprés L'Homer et al.,
1981. A :de 1587 a 1711 ;B : apres 1711.

Fig. 3 — Evolution of the mouth of the Grand Rhéne between
1842 and 1950. The 1842, 1872 and 1892 maps were realised by
marine hydrographic engineers of the French army (from Vernier,

1976).

Fig. 3 — Evolution de I'embouchure du Grand Rhéne entre 1842
et 1950. Les cartes de 1842, 1872 et 1892 ont été réalisées par les
ingénieurs hydrographes de la Marine (d'apres Vernier, 1976).

of fossil sub-deltas (Bras de Fer and Pégoulier). These latter
are identifiable nowadays through the lobe-type pattern of
their bathymetry (fig. 1). The destruction of these fossil fea-
turcs by wave action releascs sediment that is supplicd to the
present coastal zone.

Fluviatile inputs and marine dynamics

The average liquid discharge of the Rhone at Beaucaire
(close to Arles) is 1,701 m*/s. The Grand Rhone accounts for
85-90% of this discharge while the rest flows in the Petit
Rhone. The suspended solid load transported by the river
has been the subject of many evaluations, all of which indi-
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Fig. 4 — Direction and power of winds and swell.
A: wind rose calculated from data recorded over 20
years (1962-1982) at Cap Couronne station (Greslou,
1984); B: wind rose for wind speeds exceeding
6.5 m.s” which corresponds to the critical shear velo-
city (Sabatier, 2001); C: wave rose calculated from
data recorded over 14 years (1964-1978) at Cap Cou-
ronne (Greslou, 1984); D: wave power rose in J.m?
(Sabatier, 2001).

Fig. 4 — Direction et force du vent et de la houle.
A : rose des vents calculée a partir des données
enregistrées sur 20 ans (1962-1982) au Cap Cou-
ronne (Greslou, 1984) ; B : rose des vents supérieurs
a 6,5 m/s, valeur correspondant a la vitesse minimale
d'arrachement des sables (Sabatier, 2001) ; C : rose
des houles calculée a partir des données enregis-
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around 13 Mt/yr between 1956 and 1958. The
suspended load is currently estimated at 7.39 Mt/yr, with a
minimum of 1.2 Mt/yr and a maximum of 19.7 Mt/yr (Pont
et al., 2002), but these values are probably under-estimated
(Antonelli and Provansal, 2002). Data collected over the
period 1980-2002 provide an estimate of suspended sedi-
ment transport ranging between 2.6 and 26.5 Mt/yr with an
average value of 9.6 Mt/yr (Antonelli, 2002).

Several factors explain the reduction in the Rhone river
input. The climatic change that occurred during the 19th
century (end of the Little Ice Age) was characterised by a
lower frequency of strong annual floods (Pichard, 1995), but
the importance of this cffect is a matter of debate by other
authors (Bravard, 1989; Piégay et al., 1997). The climatic
cffects are amplified by changes in land use in the catchment
arca. Agricultural decline, as well as deliberate and sponta-
ncous reforestations, which began from the middle of the
19th century, has also played a role in the reduction of flu-
viatile sediment inputs. To this may be added the conse-
quences of fluvial channel management which, from the
19th century onwards, has involved embankment and
straightening, leading to the local trapping of sediments.
From the 1950s and 1960s onwards, the construction of
hydrocelectric dams has definitively blocked off most of the
coarse load, thus reducing cven further the sediment flux in
transit (Warner, 2000; IRS, 2001).

The Rhone delta shoreline experiences a microtidal (30
cm average range) tide range and is essentially affected by
waves and the currents they generate. Waves come from two
prevailing directions (fig. 4). The most frequent direction is
SW (30% of the total regime), but these waves are of rather
low energy with heights of 0.5 to 1 m and modal periods less
than 6 s in 80% of cases. This wave direction is associated
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with NW and NNW offshore winds (Mistral and Tramon-
tanc). Waves from SSE and ESE represent 16% and 11% of
the total annual regime, respectively. These are high-encergy
waves more than 2 m high in more than 40% of cases and
with periods longer than 6 s in more than 25% of cases.
They are associated with onshore winds from SSE and SE,
whose speeds can exceed 100 km/h.

Engineering works for coastal protection

Today, more than 80% of the coastline of the Rhone delta
is equipped with coastal protection structures (Suanez and
Sabatier, 1999). Those having a direct impact on the coast
are bricfly presented here by geographical sector. Gracicuse
spit has been equipped since the 1960s by the sinking of
barges at the end of the spit (photo 1) to control its advance,
and, since 1988, by the construction of an artificial dunc
ridge (Longé, 1990) (photo 2). The Faraman shore is cur-
rently cquipped with 32 groynes, a breakwater and several
dykes (total length of 4 km) (Caillaud et al., 1990) (photo 3).
While the first two rip-rap groynes were installed as carly as
1941 and 1942, the intensification of engincering works
started from 1987 onwards. The protection of Saintcs-
Maries-de-la-Mer began in the 1930s by the installation of
wooden palisades. However, the coast has only been protec-
ted by hard defence structures since the 1980s (photo 4).
Today, the beaches possess 3 breakwaters and 8 groynes, 1o
which should be added a marina built in the 1980s. The
coast of the Petite Camargue is equipped with scveral dykes
(approximately 7 km total length) and a field of 122 groynes
(photo 3). To the West of the Petit Rhone, most of the
groynes were built between 1975 and 1989, whercas on the
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Photo 1 — Aerial view of barges stranded at the tip of La Gra-
cieuse spit (PAM, 1997).

Photo 1 — Vue aérienne des barges échouées en bout de fléche
de la Gracieuse (PAM, 1997).

castern side of this limit, their construction dates from the
years 1984-1986 and 1992-1993. At the western extremity
of the Rhone delta, the Espiguette spit today provides a site
for the vast marina of Camargue Port built progressively
between 1968 and 1975. To protect the port entrance from
the continuous silting up associated with this coastal spit, a
dyke was constructed perpendicular to the coastline in 1968
and then lengthened in 1992,

Data acquisition and methodology

The oldest data were collected by EPSHOM (Etablisse-
ment Principal du Service Hydrographique de la Marine)
engineers in 1895, using the method of triangulation by
means of a theodolite. The period from 1944 to 1995 is cove-
red by aerial photography carried out mostly by the IGN
(Institut Géographique National) at intervals of 5 to 10
years. These data are sometimes slightly diachronous from
one sector to another, but they allow a satisfactory coverage
of the whole delta over the last fifty ycars (tab. 1). The most

Photo 3 — Hard coastal defence structures (rock armouring) on
the littoral of Faraman at La Courbe point (from F. Sabatier,
1999).

Photo 3 — Ouvrages de défense cétiére sur le littoral de Faraman
a la pointe de la Courbe (cliché F. Sabatier, 1999).

e r——
I

: - ﬂ P

Photo 2 — Aerial view of the artificial dune on La Gracieuse spit
(from M. Cotte, PAM, 1997).

Photo 2 — Vue aérienne du cordon artificiel de la fléche de Ia
Gracieuse (cliché M. Cotte, PAM, 1997).

recent survey was carried out in 2000 with a Dassault-Sercel
NR51Differential GPS.

Digital processing

The treatment of the acrial photographs is based on clas-
sical methods used in many studies (Dolan et al., 1978; Levoy,

Photo 4 — Hard coastal defence structures (groynes) on the lit-
toral of Saintes-Maries-de-la-Mer (Aérial, 1992).

Photo 4 — Ouvrages de défense cétiére sur le littoral des
Saintes-Maries-de-la-Mer (Aérial, 1992).
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Table 1 — Data used for ana-

lyses of secular shoreline Date Type of data Source
change.

iy 1895 Levelling of terrain by theodolite EPSHOM (Brest)
Table 1 - Sources utilisées 1944 Aerial photography (scale 1 : 15,000) Centre Camille Julian

pour l'analyse des change-
ments séculaires du trait

de céte. 1953-1954-1955 Aerial photography (scale 1: 25,000 and 1: 30,000) IGN
1960-1962 Aerial photography (scale 1: 25,000 and 1: 30,000) IGN
1989; Shoshany et Dega- 1977-1979 Aerial photography (scale 1: 25,000 and 1: 30,000) IGN
ni. 1992: Paskoff, 1994; 1987-1989-1990 Aerial photography (scale 1: 25,000 and 1: 30,000) IGN
Jimenez et al., 1997: Du- 1994-1995-1996 Aerial photography (scale 1: 25,000 and 1: 30,000) IGN
rand, 1998, 2000; Robin, 1998 Aerial ortho-photography (resclution 50 cm) IGN
2002). The instantaneous 2000 Differential GPS Sabatier (2001)

(University of Provence)

coastline is drawn ma-

nually on polyester tracing film by photo-interpretation. The
data entry is performed using a sterecophony-zoom-transfer-
scope (trademark Bauch and Lomb) that can enlarge up to
20 times, thus avoiding the problems of different scales bet-

Photo 5 — Groyne field on the littoral of Petite Camargue (from
Service Maritime et de Navigation du Languedoc-Roussillon,
1998).

Photo 5 - Batterie d'épis sur le littoral de la Petite Camargue (cli-
ché du Service Maritime et de Navigation du Languedoc-Rous-
sillon, 71998).
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ween photographs. This apparatus also makes it possible to
rectify all the deformations and distortions produced at the
time of taking the shots. The geometrical correction is made
from a reference document consisting of the IGN topogra-
phic map at 1:25,000. The copies are then scanned at very
high resolution (600 dpi), and the information is finally di-
gitised and georeferenced in Lambert 11 co-ordinates with a
GIS (Maplnfo 6.5).

For the field notes of 1895 and the surveys carried out in
2000, the position of the coastline corresponds to the upper
limit of the instantancous swash. The data from the 19th
century were scanned, digitised and georeferenced in Lam-
bert III co-ordinates by the cartographic service of EPS-
HOM. Data collected in 2000 were entered from the origi-
nal in WGS84, and then also transformed into Lambert 111 in
order to homogenise them.

The complete dataset derived from photo-interpretation
and field surveys was compiled in a GIS (Maplnfo 6.5), and
then used to calculate the distances of coastline retreat or
advance, as well as the areas lost or gained by the littoral
fringe.

Estimation of error margin

The siting of fixed points (landmarks or invariable fea-
tures) present on all the photographs (buildings, works, road
crossings, ctc.) cnables us to define, after superposition, a
margin of crror varying from 16 m to 4 m according to the
datc. This crror is primarily related to the more or less pre-
cisc adjustment of the aerial photographs compared with the
reference document. The quality and the scale of the shots
arc the parameters that control this precision. The largest
errors relate to the older periods (1944 and 1953), for which
an average value of = 10 m is accepted. This agrees with the
thresholds proposed by several authors (Crowell et al.,
1991; Shoshany ¢t Degani, 1992; Durand, 2000); Robin,
2002).

It appears much more problematic to estimate the error
margin for the position of the shoreline in 1895. According
to EPSHOM services, the surveying techniques used from

Photo 6 - Dyke for blocking sands at the top of Espiguette spit
(Aérial, 1992).

Photo 6 - Digue d'arrét des sables sur la pointe de la fléeche de
I'Espiguette (Aérial, 1992).
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the end of the 18th century are highly reliable. Initiated by
the engincer Charles Francois Beautemps-Beaupré, these
measurements were taken by triangulation using a theodo-
lite coupled to a hydrographic circle. Positioning is carried
out from landmarks materialised by beacons installed on
firm ground. The measuring precision is estimated at + 10 m.

Fig. 5 — Shoreline changes between 1895 and 2000. A: position of
profiles; B: shoreline changes between 1895 and 1944, C: shoreline
changes between 1944 and 2000.

Fig. 5 — Variations du trait de céte entre 1895 et 2000. A : position
des profils ; B: variations du trait de céte entre 1895 et 1944; C: varia-
tions du trait de cote entre 1944 et 2000.

For the surveys carried out by DGPS in 2000, the planime-
tric error margin for the coastline position in 2000 is close
to * 3 m.

Results

Changes of shoreline position

The variations of the coastline are analysed from 98 pro-
files drawn perpendicular to the shore (fig. SA).

The most important shoreline changes along the Rhdne
delta coast are in the vicinity of the mouth of the Grand
Rhone, with the construction of La Gracieuse spit during the
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20th century. After the Rhone mouth switched from Pégou-
lier to Roustan in 1892, the massive destruction of the pro-
deltaic lobe of Pégoulier induced a shoreline retreat of about
1,500 m between 1895 and 1944 (fig. 5B). Meanwhile Gra-
cicuse spit became clongated to the northeast, growing by
1,400 m until 1944 (fig. 6). At the same time, Piémanson
and Napoléon beaches, located on either site of the mouth,
underwent rapid progradation, of the order of 1,500 m and
1,700 m respectively. From 1944 to 1998, Gracieuse spit
lengthened by a further 1,200 m, but its central part expe-
rienced a retreat of about 400 m, while Napoléon beach pro-
graded about 120 m (fig. 5C).

To the west of the mouth of the Grand Rhéne, the Fara-
man shoreline exhibits two sectors marked by different pat-
terns of evolution (fig. 7). Between 1895 and 1960-1962,
Piémanson beach (profiles P77 to P74) is subject to erosion
(fig. 7A). The rather slow rates of retreat oscillate between
-1 and -15 m/yr according to the sector and period. After the
1960s, the trend is reversed. The regularisation of the coast-
line towards a rectilinear shape is due to the progradation

processes with rates ranging between +2 and +7 m/yr. Gene-
rally speaking, profile 74 corresponds to a hinge point, after
which is observed a transition into a zone of constant ero-
sion since 1895. This zone extends from Baisse de Quenin
to Beauduc light house (fig. 7B). To the east of Grau de la
Dent (P75 to P60), erosion rates are between -2 and -3 m/yr
over the whole of the period, corresponding to a maximum
secular retreat of -250 m in the western sector of Baisse de
Quenin (P70-P71). To the west of Grau de la Dent (fig. 7C),
the crosion of the shoreline is more rapid, with rates of bet-
ween -2 and -8 m/yr over the whole of the period. Maximum
erosion is recorded at profile 54, where the beach has moved
back by approximately 650 m since 1895.

The spit and gulf of Beauduc have been subject to impor-
tant sedimentation (P51 to P35). There has been a secular

Fig. 6 — Shoreline changes of La Gracieuse spit and Napoléon
beach between 1895 and 1998.

Fig. 6 — Variations du trait de céte de la fleche de la Gracieuse
et de la plage Napoléon entre 1895 et 1998.
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advance of the shoreline of approximately +1,500 m on the
axis of Beauduc spit (P50) (fig. 8). These very high rates of
progradation vary between +7 and +15 m/yr at the spit, but
are lower in the gulf, with values between +1 and +6 m/yr.
From the lighthouse of La Gacholle to Baronnets, the
coast of Saintes-Maries-de-la-Mer and Petite Camargue has
been in constant erosion since 1895 (figs. 9A and 9B). This
area is subject to considerable coastal retreat that threatens
the socio-economic activities situated behind the shoreline,
and has undergone the most extensive development of arti-
ficial environments in the delta since the 1980s (photos 4
and 5). From the lighthouse of Gacholle to the eastern part
of the village of Saintes-Marics-de-la-Mer, the rates of coas-

Fig. 7 — Shoreline changes on the littoral of Faraman between
1895 and 2000.

Fig. 7 — Variations du trait de céte du littoral de Faraman entre
1895 et 2000.

tal erosion increase, with values ranging from -1 m/yr in the
cast to -5 m/yr in the sector of La Fourcade where the coast-
line has moved back more than 500 m since 1895 (P30). The
pattern of variation shows that the retreat remained around
-3 m/yr between 1895 and the 1960s, and then accelerated to
-5 m/yr from 1963 onwards. The shoreline of the village of
Saintes-Maries-de-la-Mer initially underwent the same evo-
lution. However, the trend is reversed from the 1970s on-
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wards as coastal defences were emplaced (photo 5). The
coastline near the mouth of the Petit Rhone (P25 to P21)
shows the maximum amount of retreat observed in the
Rhone delta since 1895. It reaches more than 1,000 m at the
level of profile 25, with rates ranging between -3.5 and
-10 m/yr according to the sector. This erosive trend conti-
nucs towards the west, between the sectors of Grand Radeau
and Baronnets (P20 to P6), but the rate of retreat gradually
decreases to between -1 and -4 m/yr. For the entire coast
west of the mouth of the Petit Rhone, however, the retreat is
slower from the 1980s onwards.
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Fig. 8 — Shoreline changes on the spit and gulf of Beauduc bet-
ween 1895 and 2000.

Fig. 8 — Variations du trait de céte du littoral de la fléche et du
golfe de Beauduc entre 1895 et 2000.

As obscrved in the case of the Beauduc spit, the Espi-
guctte spit (P5 to P1) is marked by a constant progradation
of the coast (fig. 10). In this scctor. we find the highest
values of coastline advance (+1.500 m at profile P1) on the
scale of the entire delta.
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Spatial variations in coastal surface area
and sediment budget

The cvolution of the surface arca in different scctors
confirms the results obtained on coastline changes. The
secular evolution of fand arcas gained or lost on the littoral
fringe enables identification of three periods (fig. 11). The
Camargue coast records a gain of 3,875,600 m* between
1895 and 1944, a loss of 1,707,800 m* between 1944 and
1987-1990, and a gain of 209,600 m* between 1987-199()
and 1998-2000. The surface arca determined over the scale
of the century thus shows a net gain of about 2,377,400 m”.

Five zones exhibit a rather homogencous behaviour irres-
pective of the period (fig. 12). Espiguctte spit and the Beau-
duc scctor have increased by 46,500 and 66,000 m-/yr, res-
pectively (average values calculated for the whole century).
On the contrary, a continuous surface area loss is recorded
in the sectors located west of Grau de la Dent, from La
Gacholle to the Petit Rhone and from the Petit Rhone to
Baronnets, with average values of -33,000 m*/yr, -69,000
m*/yr and -30,000 m*/yr, respectively. The four zones loca-
ted on cither side of the mouth of the Grand Rhone (fig. 12)
show a more irregular behaviour marked by periods of gain
or retreat.

Discussion

Efficiency of coastal defence structures
in maintaining shoreline position

The artificial dune built in1988 to stabilise the central part
of Gracicusc spit and the barges stranded at the end of the
spit presently control the general shape of this feature.
Along Faraman shore, the coastline was stabilised at the end
of the 1980s (period 1989-1990). This change of behaviour
is explained by the emplacement, from 1987 onwards, of

Francgois Sabatier and Serge Suanez

hard coastal defence structures constructed by the Compa-
gnie des Salins du Midi et des Salines de I'Est (photo 3).
While this policy of coastline stabilisation proved satisfac-
tory (Suanez et Bruzzi, 1999), other poorly protected sectors
retreated again after 1992. The coastal structures along the
village of Saintes-Maries-de-la-Mer have stabilised the sho-
reline since the 1970s but induced erosion on the eastern
part since the 1960s (La Fourcade). In this case, the coastal
structures trap sediment transported by longshore currents
from west to cast and thus starve la Fourcade beach which
crodes. Along the Petite Camargue, the field groynes
(photo 5) built in 1975 and 1984-86 reduced shoreline
retreat but these structures have yielded less satisfactory
results than along Faraman shore. Two factors explain these
results. First, the spacing between groynes along the Petite
Camargue is probably too large (Sabatier, 2001) and second,
the Faraman coast receives more sediment because of the
proximity of the fossil sub-delta of Bras de Fer whose ero-
sion sources the surf zone (Suancz ct Bruzzi, 1999). On
Espiguette spit, sedimentation became all the more impor-
tant during the 1970s, when a dyke was built at the end of
the spit to block longshore sediment transport. It was
constructed to prevent silting up of the entrance to Port
Camargue marina. Since the end of the 1990s, this dyke is
gradually bypassed by sand due to shorcline advance
(photo 6). In general, the coastal structures enable fixing of
the shoreline position or reduction of shoreline retreat but
submarine crosion continues. The long term efficicncy of
these structures is thus not clear (Paskoff, 1998; Sabaticr
and Provansal, 2000, 2002).

Fig. 9 — Shoreline changes on the littoral of Saintes-Maries-de-
la-Mer and the Petite Camargue between 1895 and 2000.

Fig. 9 — Variations du trait de céte du littoral des Saintes-Maries-
de-la-Mer et de la Petite Camargue entre 1895 et 2000.
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Fig. 10 — Shoreline changes on

lighthouse of
Espiguette
@

Geodetic system : Lambert Il
|

Espiguette spit between 1895 and
2000.

Fig. 10 — Variations du trait de
cote de la fleche de I'Espiguette
entre 1895 et 2000.
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gay et al., 1997; Warner, 2000).
The reduction in the area of
bare soil involved a decrease in
the sediment supply, which
became even more marked in
the years 1950-1960 due to the
construction of hydroelectric
dams that blocked much of the
coarsc load of the watercourses
(Klingeman et al., 1994; Gau-
tier, 1994; IRS, 2001). This
phenomenon was accentuated
by the decline in river liquid
discharge during these decades
and the decreased frequency of
floods (Pichard, 1995; Anto-
nelli, 2002; Pont et al., 2002
Arnaud-Fassetta 2003). These
factors explain the reversal of
the trend observed between

|
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1944 and the late 1980s. During

748000 . . .
this period, the coastal fringe of

River sediment contribution to the
shoreline position

Along the whole delta coast, the large increase in land
arca recorded between 1895 and 1944 (fig. 11) can be
explained by an abundant supply of sediment to the coast. In
spitec of the relative reduction in the frequency of annual
floods (Pichard, 1995), the persistence of mountain agricul-
tural land usc and incomplete reforestation in the catchment
basin accounted for the continuing

the Rhone delta underwent a
deficit in sediment input that resulted in shoreline erosion
and in a loss of surface arca. The increase in surface area
recorded on the Camargue coastal fringe between 1987-
1990 and 1998-2000 demonstrates the effectiveness of coas-
tal defence structures in slowing down coastline retreat as
discussed above.

River sediment contribution to the shoreline is highlighted
in figure 12. The chaotic-type behaviour of sectors close to
the mouth of the Grand Rhone (fig. 12) is explained by the
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undance ( d.(a cforc the 600000
era of hydroelectric dams. After 7
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lerated and the vegetation cover of ]
the Rhone catchment became more 3000000 |
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vely trap sands and silts (Bravard, 8 ]
1989; Jorda and Provansal, 1996; Q 1000000 -
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Fig. 11 — Secular evolution of the sur- 2
face area of different homogeneous -10000003
sectors. 1
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Fig. 11 — Evolution séculaire des varia- 1895 1944 1987-89-90 Net budget
tions de surface de la frange littorale to 1944 to 1987-89-90  to 1998-2000 over 100 years
par secteurs homogenes.
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strong interannual variability of the sediment input from the
river. The redistribution of these sediments by longshore
drift, after temporary storage in the vicinity of the mouth, is
probably offset in time from one sector to another. However,
with increasing distance from the mouth of the Grand Rhone
(fig. 12), the continuous development of sectors in erosion
and accretion suggests that longshore drift assumes greater
importance. A number of permanent zones can thus be dis-
tinguished wherein sediment erosion is predominant (west
of Grau de la Dent, from the Petit Rhone to Baronnets and
from Gacholle to the Petit Rhone), in contrast with zones
where deposition is predominant (Espiguette spit and the
Beauduc sector). This distribution indicates an organisation
of the Rhéne delta shoreline based on longshore drift cells.

Longshore drift cells

The longshore drift pattern is based on the identification
of four cells, each of which is defined by an accretion zone
(spits, gulf and Roustan mouth) supplied by a zone under-
going crosion (May and Tanner, 1973; Stapor, 1974; Carter,
1988; Komar, 1998). While longshore sediment transport is
the major process reshaping the Rhone delta coastline,

Fig. 12 — Secular evolution of the surface area of the Rhéne deita
coastal fringe.

Fig. 12 — Evolution séculaire de la frange littorale du delta du
Rhéne exprimée en surface.

cross-shore processes also exist, but these cannot be quanti-
fied using shoreline change analysis. The cell definition pat-
tern presented here is based on the pattern of evolution of
the Rhone delta. However, it is confirmed by simulations of
longshore sediment transport using empirical equations
(Sogreah, 1995).

The easternmost cell (CEL1) is located east of the Grand
Rhone, where the prevailing sediment transport is eastward
(fig. 13). It is bounded on its western side by the mouth of
the Rhéne, and on its eastern side by the La Gracieuse spit.
This cell is thus fed by the present-day inputs of the Rhone
(active source) and by the erosion of the fossil deltaic lobe
of Pégoulier (Suanez, 1997; Suanez et al., 1998).

The second cell (CEL2) also shows a general direction of
transport from west to cast, and extends from Ste-Anne
lagoon as far as Grau de Roustan (fig. 13). Although the
shoreline retreat in this zone contributes to the supply to Pié-
manson beach, part of the croded material is stored in the
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vicinity of the Roustan prodelta, considered as an important
sediment sink (Suanez et al., 1998) The limit between cells
2 and 3, located generally ncar Ste Anne lagoon, is explai-
ned by a reversal of the longshore drift along with scdiment
transport as a result of refraction of swell on the fossil del-
taic lobe of the Bras de Fer (Sabatier, 2001).

The third cell 3 (CEL3) extends from Ste Annc lagoon in
the cast as far as the Petit Rhone in the west (fig. 13). This
cell is made up of a central part subject to accumulation (spit
and gulf of Beauduc), fed in the cast by the retreat of the
beaches and crosion of the fossil sub-delta of the Bras de Fer,
and in the west by crosion of the beaches in the Saintes-
Maries-de-la-Mer scctor. Thus, drift convergence associated
with the two eroded sectors results in an important sediment
sink in the very centre of the delta. Sediment supply to Gulf
of Beauduc via the Pctit Rhdne is extremely limited, being
dependent on the very weak sand inputs of this arm (Arnaud-
Fassctta, 1996, 1997; Arnaud-Fassctta et al., 2003).

To the west of the Petit Rhone, the fourth cell (CEL4) is
defined by a dominant sediment transport directed towards
Espiguette spit (fig. 13). As scen on the littoral of Faraman,
the opposite sediment transport directions in cells 3 and 4
can be explained by the divergence of the longshore drift
related to refraction of swell on the prodelta of the Petit
Rhone (Sogreah, 1995; Sabatier, 2001). The sector in ero-
sion from the Petit Rhone to Baronnets contributes to sandy
inputs to the spit, which may also be considered as a sand
sink (Blanc, 1977; Sabaticr and Raivard, 2002).

Conclusion

This study updates our knowledge of the changes that
have affected the Rhone delta coastline over the past 105
years. The use of digital processing techniques has been ins-
trumental in integrating and managing, via a Geographic
Information System, the large database compiled from the
analysis of various sources. The results of this work c¢nable
the drawing up of maps aimed at the prevention of erosion
risks, and the proposal of these tools as aids to decision-
making in coastal management.
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Fig. 13 — The littoral cell pattern on the Rhéne delta coast.

Fig. 13 — Organisation des cellules littorales le long du delta du
Rhéne.

These results also show the close link between the Rhone
catchment arca and the littoral fringe of the Rhone delta.
The secular evolution of the coastline near the mouth clearly
records variations in fluvial sediment input, but it remains
difficult to scparate the effects of hydrological changes (end
of the Little Ice Age) from modifications due to changing
land use or hydraulic enginecring works. The beaches close
to the Grand Rhone mouth are dependent on the river sedi-
ment input but the erosion of fossil sub-deltas plays also an
important role in feeding the spits.

Finally, the results highlight the important role played by
coastal defence structures in the current dynamic status of
large parts of the coastline. These has been a heated debate
about their long-term effectiveness, especially in view of the
forecasts of sea-level rise and the poorly known long-term
evolution of the submerged shoreface profile (Suanez and
Provansal, 1996; Paskoff, 1998, 2001; Suancz and Sabaticr,
1999; Provansal and Sabatier, 2000; Picon and Provansal,
2002). In such a context, several stake-holders in coastal ma-
nagement have put forward the idea of a strategic withdrawal
of activitics and settlement assets in certain scectors (Conser-
vatoire du Littoral, Parc de la Camargue, Réserve Nationale
de Camargue). This position is evidently badly accepted by
the local residents and inhabitants of Saintes-Marics-de-la-
Mer, and by the salt extraction industry and farmers of the
Petite Camargue. The pursuit of scientific monitoring and
analysis should enable politicians and managers to make de-
cisions with a fuller knowledge of the coastal processes.
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