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Abstract

For a few decades, land use has changed due to developments in mountainous
regions and this has resulted in new pressures on the environment. Consequently,
slope instabilities could be a physical expression of such imbalance. Since the
1960s, debris flows events have occurred with an increasing frequency in the Les
Arcs catchment area, which have never happened before. At the same time, a
large skiing area has been expanding on the upper slopes. The study of climatic
series shows that rainfall events linked to debris flow triggering were not
especially intense compared to the more extreme precipitations recorded in the
area for the past middle century. This observation suggests that additional factors
have taken part in the debris flow triggering for the last fifty years. Following
this logic, the space-time study of land use has underlined the role of winter sport
resort expansion on processes such as runoff and erosion affecting torrent banks
and beds, directly at the origin of debris flow generation. A complementary
analysis of the effects on hydrology, supported by a hydrological model
(PCRaster Software), has also been carried out. According to modelling results,
the land use conversion is responsible for a change of annual water balance,
resulting in a significant increase of torrent water flow. In particular, these
effects are emphasised by the localization of converted surfaces (roads,
buildings, car parks, ski runs, sport facilities...) in the catchment recharge areas
above steep slopes of torrent channels, where materials are liable to be
mobilized. Indeed at this interface, during rainfall events the water flow and
especially the peak flow are more intense than in the past, due to water rerouting
and concentrating, which may activate erosive processes above debris flow
source areas. At the catchment scale, the increasing number of debris flow events
seems to be to answer for this change.

Keywords: natural hazards, man land use, debris flows, runoff, erosion,
hydrological modelling.
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1 Introduction

The expression “natural hazard” takes all its sense considering the human point
of view. Debris flow triggering conditions and propagation have received
attention from numerous authors [1-5], in particular because of their
consequences on human life and property. They occur under a critical
combination [6—8] of materials availability and water input, generally meaning
heavy rainfalls [9,10] on steep slopes. In the mountain region, where conditions
are extreme, environmental disturbances (natural or artificial) may activate such
processes at short or large time scales. Climatic variability is a natural
phenomenon. Its relationship with mass movements, debris flows or floods has
been widely studied in recent years [11-14]. In other parts, some of the slope
failures [15,16] have been induced by human activities In this paper we have
focused our work on the role of the geographical position of land management
on small mountainous catchments in debris flow triggering. With this aim we
studied the case of the Les Arcs site, an alpine massif that has been occupied by
a large ski domain since the 1960s, in order to understand the increasing
occurrence of debris flow events during the last 40 years.

2 Les Arcs site

The Massif des Arcs is located on the Bourg-Saint-Maurice area in the
Tarentaise Valley in the Northern Alps (fig. 1). It hangs over the Isére torrent on
the left bank at a height of over 2000 m. The upper part of the catchment (above
1600 m) is transformed into a large ski area with the Arc 1600 and Arc 1800
high capacity resorts.

3 Review of debris flow events

The steep slopes of the catchment are drained by seven torrents (fig. 1), the
alpine hydrological regime of which is influenced by the snow-pack yield in
spring. Considering archives from the Middle Age [17], the first two known
debris flow events are dated 1938 but damage was insignificant. In the following
years, floods occurred in 1966 in the Ravoire and Eglise torrents, afterwards a
series of 26 events of debris flow affected five out of seven streams between
1970 and 2000. The year 1973 was particularly noteworthy for the Ravoire
torrent, which triggered height debris flow in the two summer months of August
and September. The erosive processes initiated during this period of activity
induced favourable conditions for the triggering and the feeding in materials of
the 31/03 - 01/04/1981 catastrophic event [14]. During this event, there was a
deep scouring of the bed, larger than 20m in some stretches. At the Les Arcs
catchment scale, this sudden activity has made alterations to the beds and banks
and therefore to the morphologic landscape, particularly at elevations of less than
1600m. Figure 2 represents the chronology of debris flow events for each torrent
in terms of their relative position on the massif from NE (Moulins) to SW
(Preissaz).
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Figure 1: Location map of the Les Arcs site.
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Space-time series of floods and debris flows on the Les Arcs site.
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It shows two consecutive phases of events following this direction. In the
early years, from 1970 to 1981, the northern torrents (Moulins, Ravoire) were
affected by debris flow. Then, from 1988 to 2000, this hazard concerned the
southern ones too (St-Pantaléon, Villard, Preissaz). Such distribution suggests
that the triggering factors should have evolved in space and in time during these
last 40 years.

4 Debris flow source areas

Debris flow needs some particular conditions to be generated: abundant water
and materials susceptible to being mobilized on steep slopes constituting source
areas. Water quantity depends on hydrometeorological conditions. Materials
presence depends on geology and erosive processes. In the Les Arcs catchment,
abundant water could be brought by snowmelt in spring or heavy precipitations
due to a mountainous climate, which is moreover in evolution [14]. Thus, the
geological nature of non-cohesive materials favours erosion. The massif is
formed of carboniferous shale bedrock. The actual morphology of the catchment
has been formed during the glacial period and the main part of the catchment is
covered by morainic deposits and colluviums. This glacial heritage has induced
large and local slope movements and slab jointing.

The longitudinal profile of la Ravoire torrent (fig. 3) shows a typical
morphology that resulted from the glacial period. In the upper part, the drainage
basin presents alternations of glacial benches and steep slopes until the main
slope rupture at 1600m corresponding to the outset of the torrent thalweg. Below
this point, slopes are steeper, and the torrent tends to deeply embank. Debris
flow source areas can be localized in this part of the catchment. Such
morphology is similar for all the torrents of the catchment. Figure 4 presents
cross sections of the Ravoire bed at various elevations. The first one (a)
corresponds to the area immediately located under the main glacial bench, where
near events of debris flow have been triggered. The torrent bed enlargement is
due to the successive debris flow events of the 1970-80s. The present bed level is
15-20m lower than before the events. At this elevation, the left bank is very
abrupt and some slope movements could be activated. The profile (b)
corresponds to the torrent morphology below. The difference with the (a) section
is that the right slope is gentler due to the bank sapping during the 1981 event. In
the cross-section (c), the torrent is much embanked. From the (d) section slopes
are gentler still with the confluence with the Isére torrent. For all torrents, from
stretch (a) to (d), destabilised trees, rocks and masses and bank instabilities
testify to the geodynamical activation.

5 Land use change above debris flow source areas

5.1 Chronology

In the Savoie region, the 1960-70 decade was characterized by a great
economical conversion due to the ski practice revolution. Between 1961 and
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Figure 3: Longitudinal profile of la Ravoire catchment (from DEM) and
location of the Arc 1600 resort.
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Figure 4: Cross sections (NE-SW) of la Ravoire torrent bed at various

elevations (from DEM).
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1968 the northern part of the catchment was exploited with chairlifts (table 1).
Then, the catchment was a virgin site only dedicated to pasture activity. Thus,
the building of the first winter sport resort, Arc 1600 (fig. 1), began in 1968.
Since 1973 buildings and amenities have been expanded to the south of the
catchment with the creation of the Arc 1800 resort. In the 1990s construction and
earth works were carried on southwards. We can also observe that works in the
Les Arcs site are still in progress, with new building construction and ski run
arrangements.

Table 1: Main dates of chronology for the buildings at Les Arcs.
Dates Buildings Position
1961-1968 Courbaton chairlifts
1966 -1968 Access road to Arc 1600 North
1968 Arc 1600
1968-1973 Access road to Arc 1800
1973 Arc 1800
1978 Arc 1800 - Villards village
1984 Arc 1800 - Charmettoger village South
? Arc 1800 - Chantel village
2008 Works still in progress

5.2 Changes in land use

The development of the winter sport resorts and of the ski area induced many
changes to the catchment. These changes and their effects have been identified
and analysed [18]. The main perturbations are summarized table 2.

Table 2: Main impacts of land management on the ski area.
Water .
Management Runoff  rerouting & Vegetation Erosion . SIOP ©
types . decrease instability
concentrating

Deforestation X X X
Impervious X X X X
areas
Roads X X X X
Ski runs X X X X X
Irrigation

X X X
(golf)
Artificial snow X X X X X

5.2.1 Impacts on runoff production

This table shows that land use changes in a winter sport resort play a major role,
mainly on runoff and erosion processes. Runoff is principally due to impervious
area development, such as roofs, car parks, roads and ski runs, which are
compacted surfaces inducing an important infiltration reduction [14, 19].
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Deforestation for roads, buildings and ski slopes acts for runoff production in
reducing interception by leaves and absorption by roots. Moreover, the
modifications of watershed limits induced by grading works emphasized the
hydrological imbalance. Finally, artificial snow production in winter and spring
could be responsible for a modification of the global water balance of catchments
because the notable quantity of water used for the supply of snow is generally
derived from another catchment. It is noteworthy that this quantity of water
smelts with some delay at spring during the high-water-flow period.

5.2.2 Impacts on erosion processes

First of all, the disappearance of the vegetal cover increases the impact of rainfall
[20]. Furthermore, processes of erosion are mainly emphasized during the earth
works period. Grading activity (cut and fill) is responsible for a massive
production of spoil earth materials. Moreover, some materials are frequently
pushed to torrent beds after such works. Such a practice is at the origin of the
triggering of the first Ravoire debris flow event in 1970. However, 40 years later,
similar practices have been observed during recent works. The man-caused
runoff increases the superficial waters action on soils because of the phenomena
of rerouting and concentrating in some areas, along roads ramps, ski runs, and
more generally because of the increase of the torrent water flow.

5.2.3 Impacts on slope stability

Slope instabilities are frequent in a morphological context, such as the one at Les
Arcs. However, they could be directly enhanced from construction and
deforestation because of the decrease of root density [21,22]. Road construction
on hillslopes inevitably decreases the site stability in the following ways: adding
weight to the embankment fill, steepening the slope on both cut and fill surfaces,
removing the support of the cutslope and rerouting and concentrating road
drainage water [15]. Slope stability can be affected by residential development
because of removal of support by excavation, mechanical overloading by fill
placement, the concentration of water on the site or the introduction of additional
water [15]. Finally, erosion processes represent another factor of instabilities,
particularly in banks scouring.

5.3 Worsening effects of land management above debris flow source areas

In the Les Arcs catchment, the localisation of the ski area and resorts plays a
major role on hazard intensification. As it is exposed as shown in figures 1 and 3,
because of the drainage basin configuration, massive land use changes are
concentrated on the upper slopes in the reception basin, above the thalweg of
torrents. Depending on the considered catchment, the reception basin surface
could represent 52% (Ravoire) to 74% (Preissaz) of the total watershed surface.
In all cases, impervious areas and ski runs represent more than 20% of reception
basin surfaces. Spoil materials from grading activities above are carried to the
thalweg by drainage water inducing erosion. During rain events, water is running
from ski slopes and from impervious areas, rather than infiltrates, and then it is
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Figure 5: Ravoire torrent calculated hyetograph at the outfall of the resort

above source areas depending on land use.

concentrated down to the urbanized area in the torrent with an increased
discharge just above debris flow source areas. Consequences can be erosion,
slope instabilities and the mobilisation of bank materials. A hydrological
modelling approach has allowed underlining of the role of the land use change
on the torrent flows. Simulations have been conducted with a distributed model
[14] created in the PCRaster language [23]. Figure 5 represents the response of
the La Ravoire torrent during a decennial rainfall depending on the land use,
before the ski resort construction and presently. The hyetograph is calculated at
the outfall of the drainage basin.

The variation in intensity between the two discharge curves shows that the
catchment response to a rainfall event solicitation is significant considering the
land use factor. The mean discharge calculated during the decennial rainfall was
0,9 m’.s™ before the resort construction, but had risen to 1,3 m’.s™ in the 2000s.
This represents an increase of 44%. However, the effect of land use change is
particularly significant on the peak flow value estimated at +52% at the exit of
the resort above the debris flow source areas. At the annual scale, the increase of
the discharge is notable too. Considering the mean annual regime of precipitation
at Bourg-St-Maurice, the water balance model has calculated an increase
equivalent to 24% of the mean annual discharge at the outfall of the catchment,
(with a peak of 26% during the high water flow period) induced by an increase
of 7,5% of the runoft.
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6 Conclusion

In the early 1970s, the debris flow occurrence in the Les Arcs site has revealed an
active geodynamic context. At the same time, important modifications were
induced on the upper slopes by construction of two winter sport resorts and their
ski area. Our analysis supports the fact that the natural susceptibility of the
catchment to debris flow hazards due to geological, morphological and climatic
predispositions has been enhanced by human activities and the effects of land use
changes. The conversion of the traditional land use to a use dedicated to tourist
activities has led to a water imbalance attributed to the increase of the runoff
induced by four phenomena: deforestation, soils properties degradation,
impervious surfaces construction and water transfers. Erosion processes and slope
instabilities have resulted from this change too: spoils production, runoff and
torrent flow increase. These negative effects are damaging, considering that
perturbations are concentrated in the reception basin above the debris flow source
areas. Indeed, erosion on the upper slopes produces materials liable to be brought
to the torrent bed and to favour erosion processes. Moreover, the significant
increase of the torrent discharge, and particularly the peak flow underlined by the
hydrological model, advantages bank erosion and bed scouring. Thus, materials
and local landslides resulting from bank erosion processes are susceptible to feed
debris flow events. This analysis confirms the hypothesis of a space-time
concordance between land use change in the upper slopes and debris flow
triggering downstream following a north-south axis.
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