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Impacts of land-use and land-cover changes on rockfall propagation:
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Several studies have debated the incidence of global warming on the probability of rock instability, whereas the
impacts of land use and land cover (LULC) changes on rockfall propagation and associated hazards have received
comparably little interest. In this study we evaluate the impacts of LULC changes on rockfall hazards on the slopes
above the village of Crolles (Chartreuse massif, Grenoble conurbation, French Alps) through a three-level ap-
proach: (i) diachronic landscape analysis for four different periods of the past (i.e. 1850, 1956, 1975, and
2013), (ii) computation of 3D rockfall simulations taking explicitly account of reconstructed LULC changes, and
(iii) resulting changes in rockfall hazards over time. We reveal that the disappearance of viticultural landscapes
(relating to the decline of cropping areas during the interwar period) and intense afforestation of the steepest
upper portion of the slope resulted in a significant increase of rockfall return period associated to a gradual de-
crease of mean kinetic energy at the level of the urban front of Crolles. According to the Eurobloc methodology,
the degree of hazard decreased significantly despite the continuous and rapid urban sprawl on the slopes. These
results underline that forests can indeed have significant protection function but also call for a more systematic
inclusion of LULC changes in hazard assessments in the future.
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1. Introduction

Rockfall is commonly defined as the detachment of a rock fragment
from a steep rockwall (Selby, 1993) which then travels down the slope
to a variable distance by bouncing, falling or rolling (Varnes, 1978). In
general, fragmental rockfall involves relatively small detachments
of isolated rocks or/and boulders with maximum volumes normally
remaining <30 m> (Berger and Dorren, 2007). Rockfall is difficult to
predict due to its sudden occurrence, lack of reliable precursor sig-
nals, poor information on the internal structure of the rock mass,
and the multitude of triggering factors such as freeze-thaw cycles
of water, melting of snow or permafrost, temperature changes, in-
tense rainfall, stress relief following deglaciation, root penetration,
and wedging (Matsuoka and Sakai, 1999; Lambert and Nicot,
2011). Additionally, owing to its high propagation speed and related
risks for infrastructure (Harris et al., 2001) and populations, it consti-
tutes one of the most hazardous geomorphic processes in mountain-
ous environments. As for other mass movements, evaluating rockfall
hazard includes a determination of occurrence location, actual size of
the event, probability of occurrence, runout distance, and energy of
time, and all this for a given period of time. The evaluation of rockfall
risks then also includes the potential impact on exposed elements
such as people, buildings, or transportation corridors (Dussauge-
Peisser et al., 2002).

In the context of rapid environmental changes, several studies have
debated the incidence of global warming on the probability of rock in-
stability and the impacts of climate change on the triggering of rockfalls
and rock avalanches (Huggel, 2009; Allen and Huggel, 2013; Stoffel
et al.,, 2014). These analyses were mostly based on the retrospective
analysis of historical chronicles and supported by the exceptionally
warm summer of 2003 when largely increased rockfall activity has
been reported throughout the Alps, especially at high elevations and
on north-facing slopes (Gruner, 2004; Ravanel and Deline, 2010). Nu-
merous case studies reporting spectacular rock and ice falls in the Alps
further support this view (see Stoffel et al., 2014 for a detailed review).
Thus, Deline et al. (2012) attributed 55% of the rockfalls observed in the
Mont-Blanc massif in 2007 and 2008 to permafrost degradation, and
Allen et al. (2009) found that 13 out of 19 rockfalls investigated in
New Zealand originated from marginal permafrost areas. On the other
hand, based on rockfall inventory data from Switzerland and Austria,
Gruner (2004) and Sass and Oberlechner (2012) stated that a generally
increasing frequency of rockfalls at present is neither recognizable nor
to be expected in the near future.

Paradoxically, the impacts of land use and land cover (LULC) changes
on rockfall propagation and associated hazards has remained only poor-
ly discussed so far. Yet, LULC changes are considered as one of the most
rapid drivers of global change (Slaymaker, 2011), especially in moun-
tainous environments of Western Europe where slopes experienced a
decrease in total acreage of cultivated areas (MacDonald et al., 2000),
an increase in forested areas (Didier, 2001) and, in the industrialized
and populated valleys, rapid urban densification (e.g. Falcucci et al.,
2007; Bucata, 2014). Hillside instability, with potential consequences
on rock fall propagation, tends to be amplified in areas of environ-
mental land use conflicts due to enhanced erosion (Pacheco et al.,
2014). In the case of landslides, by contrast, changes in LULC have
indeed been identified as having an effect as predisposing factors
on landslide occurrence (Glade, 2003; Begueria, 2006), but that
they may also control the spatial distribution of consequences. Fur-
thermore, land cover type has been recognized to significantly affect
rockfall runout distance as a result of changes in restitution

coefficients (Dorren, 2012a, 2012b; Perret et al., 2004) and thus
areas at risk.

In this study, the impacts of LULC changes on rockfall propagation
were investigated with a retrospective analysis. In a first step, LULC
changes have been quantified for the slopes of the Chartreuse Massif
(French Alps) for four different periods since 1850. This area has under-
gone (i) an intense agro-pastoral decline since the mid-19th century
and (ii) arapid periurbanisation - related to the vicinity of the Grenoble
conurbation (500,000 inhabitants) - since the 1950s. Using the docu-
mented changes in LULC as input parameters, we then simulated rock-
fall trajectories for four different dates (1850, 1956, 1975, 2013) with
the probabilistic process-based rockfall trajectory model RockyFor3D.
This analysis then allowed determination of return periods and mean
kinetic energy of rockfalls and therefore also definition of associated
risk at the urban front of Crolles for each of the time steps and different
block sizes (from 1.2 to 17 m3).

2. Study site

The village of Crolles (45°17’09”N, 5°53’'01"E) is located in the
Grenoble conurbation on the southeastern slopes of the Chartreuse
Massif (French Alps; Fig. 1A). The municipality extends from the
«Bec Margain» (1036 m a.s.l.) to the Isére River (220 m a.s.l.) and
covers an area of 14.2 km?, three of which are located on the slopes
of the Chartreuse massif (Fig. 1B). Since the 1950s, LULC on these
concave talus slopes (250-600 m a.s.l.) have changed substantially
in a way which can be considered typical for south-facing slopes in
the French Prealps.

Covered with vineyard (Fig. 1C) since the mid-19th century, these
slopes have experienced a rapid agropastoral decline during the
interwar period, followed by intense periurban expansion since the
mid-20th century. At Le Fragnés, Magny, Ardillais, and Le Coteau,
neighborhoods started to spread upslope (Fig. 1D), thereby inducing a
sharp increase (4 864%) of local population (964 inhabitants or 67
persons km™2, in 1946 against 8344 inhabitants or 588 persons km ™2
in 2011).

The village of Crolles has constantly faced rockfall hazards as
reflected in toponymy, since the root of Crolles, corrotulare, literally
means to roll a block in Latin language. Rockfalls are released from a
300 m-high sub-vertical cliff made of thick-bedded limestones and
marls from the upper Jurassic period (Dussauge-Peisser et al., 2002).
Strata dip gently inward and three sub-vertical discontinuity sets can
be observed at the site, one parallel to the direction of the cliff surface,
and two others crossing it. The most common rockfall mechanisms are
wedge failures, initiated on these two crossing sets, tower toppling
and overhang failures, where the succession of limestone and marls suf-
fers from differential erosion (Dussauge-Peisser et al., 2002). Archival
records report number of rockfall events since 1900 with rockfall frag-
ments varying from clasts with edge lengths of only a few decimeters
to blocks with volumes >30 m>. Fresh blocks, recent impact craters on
the ground and visible growth disturbances (i.e. scars, decapitated
trees) on the forest stand confirm ongoing intense rockfall activity dur-
ing the last decades. As a consequence, three protective walls (with
lengths of 400, 500, and 800 m, respectively) have been constructed
since 1995 to reduce rockfall risk in the neighborhoods of Magny,
Ardillais and Le Coteau, the latter one being reached by two blocks
(>20 m?) on 15 January 2012. Additionally a 1-km long protection
wall is already planned for the next decade to protect Le Fragnés
neighborhood.



Fig. 1. (A) The pre-alpine conurbation of Crolles is located in the Isére valley, near the town of Grenoble, on the southeastern slopes of the Chartreuse Massif (French Alps). (B) The Crolles
talus slope was divided into four neighborhoods, namely Le Fragnés, Magny, Ardillais, and Le Coteau. (C) Historical photograph of the Crolles talus slope in 1912 (Blanchard, 1930) and

current photograph of the village in 2013 (D).

3. Material and methods

The impacts of LULC changes on rockfall hazard were evaluated
through a three-step approach. In a first step, (i) a time-dependant anal-
ysis of cartographic records was used to evaluate changes in LULC pat-
terns for four dates between 1850 and 2013. In a second step, (ii)
rockfall trajectories were simulated, for the same dates, and for four dif-
ferent block sizes (1.2 to 17 m3) using the 3D rockfall model
RockyFor3D. For each set of simulations, (iii) the return period and the
mean kinetic energy of blocks was assessed at the level of the urban
front so as to quantify the impacts of landscape changes and reorganiza-
tion on rockfall hazards.

3.1. Analysis of LULC changes

Spatio-temporal dynamics of land use and land cover (LULC)
changes are typically analyzed with time series of cartographic doc-
uments (cadastral, topographic maps, aerial photographs; Houghton
etal., 2012). In France, such documents reach back to the 19th centu-
ry, such that the Napoleonic cadastral map could be used for the es-
tablishment of a baseline for LULC. This map has been ostensibly
created for taxation purposes (Eynard-Machet, 1993) and therefore

offers a precise and detailed record of land ownership and use at
the level of allotments (Coughlan, 2013). At Crolles, the Napoleonic
cadastral map has been used to detail the state of LULC for the refer-
ence period 1850. Since 1956, three aerial flight campaigns were
available from the French National Geographic Institute (IGN) with
a sufficient resolution to detect LULC changes at the scale of allot-
ments, namely in 1956, 1975, and 2013 (always in a scale of
1:30,000). Aerial photo interpretation realized using standard
photographic keys (i.e., tone, texture, pattern, shape, and size) and
supplemented with secondary information on geomorphology, his-
torical vegetation maps, and ground truth data. For 2013, additional
information available from the French digital cadastre database and
field observations were used to assess LULC. Based on these physio-
graphic constraints, visual interpretation and digitalization
(Kennedy, 2013) was conducted, at the scale of allotments, to gener-
ate thematic maps of LULC patterns, at each of the four dates. Six
classes of LULC types were distinguished, namely (i) forest, (ii) cul-
ture, (iii) untilled land, (iv) grassland, (v) vineyard, and (vi) munic-
ipality. Through this sequential analysis, the net change in cover
(km?) as well as gains and losses (km?) of the six land cover types
between 1850 and 2013 were quantified using IDRISI land change
modeler (Warner and Campagna, 2009).



3.2. Modeling rockfall trajectories in different LULC patterns

On the basis of a Digital Elevation Model, rockfalls at Crolles were
simulated using RockyFor3D (v5.0) (Dorren, 2012a, 2012b), a probabi-
listic process-based rockfall trajectory model that combines-physically
based, deterministic algorithms with stochastic approaches to simulate
rockfall in three dimensions. The model calculates sequences of classi-
cal, uniformly accelerated parabolic free fall through the air and re-
bounds on the slope surface and on trees (for details see Dorren et al.,
2005). During each rebound, the model allows the block to deviate
from its direction before rebound toward the direction of the aspect of
the terrain in which the block rebounds. If an impact against a tree
takes place, part of the rock energy is dissipated as a function of the
stem diameter of the corresponding tree and of the relative position be-
tween rock and tree center. After a tree impact, the trajectory of a rock
can be deviated laterally up to 76° from its fall direction before the
tree impact.

LULC patchiness is explicitly integrated in RockyFor3D through its
spatial modeling possibilities. Parameters used to characterize the inter-
actions between the block and the soil - the soil mechanical properties
(i.e. restitution coefficients) and the soil roughness - are implicitly relat-
ed with LULC. In addition, the model provides information about rock
propagation for any location in the study site such as the number of
passing rocks through a given surface or percentiles of the distribution
of the kinetic energy of rocks entering a cell, for example.

3.3. Mapping of potential release areas (PRa)

Required model input data mainly includes a set of raster maps de-
scribing the (i) Digital Elevation Model (DEM) used to determine the
mean slope gradient, fall direction and impact locations of falling rocks
on the slope surface based on kinematic equations (e.g. Guzzetti et al.,
2002), (ii) rockfall source cells including rock density, dimensions, and
shape, (iii) density of trees per cell, (iv) distribution of trees in each
cell, (v) wood type per cell (i.e. broadleaved or coniferous), (vi) me-
chanical properties of the surface material per cell, and (vii) roughness
of the slope surface per cell. At Crolles, a high-resolution DEM
(2.5 x 2.5 m) was produced through the interpolation (Ordinary
Kriging) of LiDAR (Light Detection And Ranging laser scanning) point
data with an average of six points per raster cell.

The morphology of a terrain displays characteristic slope angles that
can be directly related to the geomorphic processes involved in slope
stability; rockfall source areas are commonly found in the steepest mor-
phological units (Michoud et al., 2012). Based on these statements, Loye
et al. (2009) have established a DEM-based geomorphometric approach
to detect these morphological units and therefore rockfall source areas,
also know as Slope Angle Frequency Distribution (SAFD) procedure. In
this procedure, slope angle distribution is decomposed in several Gauss-
ian distributions which can be considered characteristic of morphologi-
cal units (such as rock cliffs, steep slopes, foot slopes, and plains). The
terrain is considered a potential rockfall source if its slope angle exceeds
a certain threshold, which in turn is defined where the Gaussian distri-
bution of the morphological unit «rock cliff» becomes dominant over the
«steep slope» unit. According to this analysis, based on the Histofit
routine (Loye et al., 2009), the threshold slope angle for source areas
was fixed to 49°. Thereafter, potential rockfall source areas were
mapped, integrated into a Geographical Information System (GIS) and
converted to raster. The total surface of the potential release areas
(Pra) was evaluated to correspond to 31.5 hm?. The rock density in

each source start cell was set at 2700 kg.m™>.

3.4. Block design and associated recurrence intervals (Ri)
This paper aims at quantifying the impact of LULC on rockfall propa-

gation. From this perspective, the choice of the design block volume is
crucial. Potential rockfall volumes were constrained from a power law

distribution function established through the 3-year LiDAR monitoring
of the Saint-Eynard calcareous cliff (750 x 200 m in width and height,
Jurassic age), located 10 km southwest of the study site (Guerin et al.,
2014). From this power law distribution, recurrence intervals (Ri, in
year) for rock volumes (V) ranging from 0.05 to 100 m? triggered
from the 31.5 hm? potential release area of Crolles are of the form:

Ri = (1 /0.85 + v*°~75) /Pra

According to this distribution and based on recent rockfalls observed
in the field, rock volumes of 1.2 (V1), 5 (V2), 10 (V3) and 17 m> (V4)
were designed for rockfall simulations corresponding to recurrence in-
tervals of 0.043, 0.12, 0.21, 0.31 year, respectively. To obtain sufficiently
stable outputs, 100 rockfalls were triggered from each of the 2.5 m?
source cell yielding a total of 5,042,200 rockfalls per simulation cam-
paign. This number of repetitions was considered an acceptable tradeoff
between computation time and stability of results and was therefore
used for all the simulation campaigns (Trappmann et al., 2014). For all
simulations we used a rectangular block form, additional initial fall
height of 2 m and we included the forest as an obstacle for falling rocks.

3.5. Input data on transit area

In the transit area, Rockyfor3D uses a normal and a tangential coef-
ficient of restitution to calculate rock rebound on the slope surface
(Volkwein et al., 2011). The normal coefficient of restitution (rn) defines
the change in normal velocity during impact. In Rockyfor3D, rn values
are associated with slope materials depending on mechanical proper-
ties, i.e. the capacity of slope materials to dissipate energy, in particular.
The tangential coefficient of restitution (rt) defines the reduction in tan-
gential velocity during impact. Both coefficients are depending on
(i) the rock shape and radius and by (ii) the depth of the impact crater
during a rebound (Dorren et al., 2005).

As the composition and size of the material covering the slope sur-
face and normal restitution coefficients are closely linked to land use,
they were translated into six LULC classes (Table 1). Roughness was
not associated to cultivated land (i.e. grassland, vineyard, untilled
land, culture allotments) and urbanized areas in 1850. Instead, obstacles
which could have been hit a falling blocks have been removed. The for-
est allotments present in 1850 were mainly located on steep scree
slopes. These forests have always had a protective function, and have
thus been given greater surface roughness (Rg10: 0.3 m; Rg20: 0.2 m;
Rg70: 0.05 m) as compared to their denser coverage of rock debris.

3.6. Impacts of LULC changes on rockfall propagation

In total, seven scenarios were evaluated, and for each scenario four
block volumes were considered (V1-V4, see subchapter 3.4 for details).
Noteworthy the reference scenario (RefSC) does not include a forest
stand. SC1-SC3 are based on LULC in 1850 but account for different
tree densities in 1850. SC4-SC6 are based on LULC in 1956, 1975,
2013, respectively (see details below).

In RefSC, we aim at isolating the influence of topography on rockfall
propagation. As a consequence, no tree cover has been included in the
model. By contrast, in scenarios SC1-SC6, several forest parameters sus-
ceptible to influence the dissipation of kinetic energy of rock masses in
the case of collisions with trees have been considered, such as tree di-
ameter, tree density, species composition and spatial arrangement of
trees in forest. These parameters were included in simulations with
the forest module of Rockyfor3D. According to field observations and
given the low productivity of the forest stand at Crolles, mean diameter
of trees at breast height (DBH) was set to 20 cm (410 ¢cm). Based on
these stand parameters, the model then randomly placed a given num-
ber of 20 4 10 cm DBH trees within each of the forested allotments.



Table 1
RockyFor3D model input parameters used for scenarios SC1-SC6 in the transit area.

Nr. trees-ha DBH mean DBH stand m RG10 RG20 RG70
LULC type 1850 (SC1-SC3) 1956 (SC4) 1975 (SC5) 2013 (SC6)
Forest 1500-1000-750 1500 1500 1500 10 0.38 0.3 (1850) 0.2 (1850) 0.05 (1850)
0.28 0 (other date) 0 (other date) 0 (other date)

Untilled land 200 400 400 400 5 0.28 0 0 0

Grassland 0.28 0 0 0

Culture 0.28 0 0 0

Vineyard 0.28 0 0 0

Urban 0.28 0 0 0

Similarly, for untilled land, the mean tree DBH was set to 10 cm
(£5cm).

In 2013 (SC6), the densities of forest (1500 stems-ha~') and un-
tilled land (400 stems-ha™—!) allotments were determined within four
plots (50 x 50 m) distributed along a transect in the upper part of the
slope. Similar parameters were adopted for the forest in SC4 (1956)
and SC5 (1975). As this contribution aims at evidencing the influence
of land abandonment and afforestation on rockfall propagation, the pro-
tective walls realized at the study site were not included in the numer-
ical simulations of the current situation (2013; SC6).

In 1850, old photographs (Fig. 1C) reveal the presence of a sparse
forest stands at Crolles. In the absence of historical forest inventories
and to account for more intense logging before the mid-20th century,
three decreasing forest (1500, 1000 and 750 stems-ha~!) and untilled
land (200 stems-ha~"') densities were successively implemented in
Rockyfor3D (SC1-SC3).

3.7. Rockfall return period (Rp) and mean kinetic energy (MKE)

An assessment of rockfall hazard requires both data on return period
and on intensity (i.e., kinetic Energy) as key input data (Raetzo et al.,
2002). At Crolles the return periods (Rp) of rockfalls at the level of the
urban front have been computed as follows:

Rp = Ri(V)/Rprob (1)
Rprob = Nbsim/3 simulations (2)

where, Ri(V) is the recurrence interval for rockfall volumes V1 to V4 (ac-
cording to Guerin et al., 2014). Rprob was computed as the ratio be-
tween the number of rockfall deposits below the urban front and the
total number of simulations. Finally, the mean kinetic energy (MKE)
per cell was extracted from the raster layers issued by Rockyfor3D for
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Fig. 2. Land use and land cover (LULC) maps of the Crolles slope in (A) 1850, (B) 1956, (C) 1975, and (D) 2013.
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Fig. 3. Comparison of the 1850, 1956, 1975, and 2013 extents of land cover classes by percentage for the entire Crolles talus slope area (study area = 4.035 km?). Areas are given in km? for

each LULC class.

each cell intercepted by the urban front, each date and each block
volume.

4. Results and discussion
4.1. Land use and land cover changes since 1850

At Crolles, land use and land cover (LULC) underwent major changes
since 1850. The maps shown in Fig. 2 indicate a clear trend toward an
increase in forest cover and urban areas between 1850 and 2013
(Fig. 3). In 1850 (Fig. 2A), the slope is characterized by a quasi-binary
landscape with (i) vineyards (56.5% of the total surface) occupying
slope gradients of up to 28° and at altitudes below 450 m a.s.l. where
a (ii) continuous forest strip (30.9%, mean length: 300 m) then takes
over to extend up to the base of the calcareous cliff. Urban and cultivat-
ed allotments are scattered below 280 m a.s.l. but only cover spatially
limited surfaces, typically on gentle slopes (<13°) around Le Fragnés
and Magny neighborhoods. Noteworthy, landscapes — comparable to
the case described here - have been widespread until the mid-19th cen-
tury on most of the south-exposed slopes of the Alpine furrow which
extends on more than 140 km from Geneva (Blache, 1923; Blanchard,
1930; Vaudaine, 1930). According to Blanchard (1930), high grape
yields (>5000 hl per year at Crolles) would have resulted from both
the favorable soils and exposition of the southern slopes of the Char-
treuse Massif. The existence of a local market for wine products in the
garrison towns of Grenoble and Chambéry has further favored intense
exploitation of relatively steep slopes (<28°). Conversely, Blache
(1923) and Jail (1967) also state that local forest stands were mostly
restricted to the upper part of slopes where excessive slope angles,
rocky soils and frequent rockfall prevented sustainable agricultural
exploitation.

Between 1850 and 1956 (Fig. 2B), maps evidence a generalized
abandonment the vineyards (down to 1.7% of the total surface) with a
net loss of 2.21 km? of cultivated lands (Fig. 3). Schematically speaking,
downslope wine plots have been replaced by grasslands (+2140% in
1956). The upslope allotments (on slopes >20°) have been abandoned
first and were either replaced by untilled land or colonized by the up-
coming forest (47.1% of the total surface, mean length of the forest
strip: 455 m). The urban front, which is potentially exposed to rockfalls,
has, at the same time, increased by 280 m and thus reveals only a limit-
ed lateral urban sprawl (Fig. 2A, B). Several reasons are responsible for
the progressive abandonment of viticulture and associated LULC chang-
es on the slopes at Crolles, in addition to the first and second world
wars: (i) the phylloxera (Phylloxera vastatrix) outbreak - a parasite of
the genus Vitis - has reached Crolles in 1880 and destroyed most of
the vineyard in less than 10 years (Veyret-Verner, 1937; Stevenson,
1980); (ii) several attempts to replace local vines affected by
phylloxeraby e.g., resistant American cep vines (Noah and Clinton
ceps) have been unsuccessful and resulted in poorer quality of wines;

(iii) the increasing concurrence of wines from southeastern France
and (iv) the disappearance of the Grenoble military market in 1925
(Grandvoinnet, 2011).

Between 1956 and 1975 (Fig. 2C), the abandonment of agricultural
plots (—0.4 km?) and the spread of the forest (net change in cover:
+0.2 km?, mean length: 523 m) continue to affect the areas upslope
of the main constructed areas. This same period is also characterized
by a rapid urban sprawl as revealed by a clear increase of the potentially
exposed urban front (+ 808 m) and more than a fourfold increase of
constructed areas, especially in the Le Fragnés and Magny
neighborhoods.

Finally, in 2013 (Fig. 2D), the non-forested surfaces represent less
than 9% of the total surface and constitute a narrow and discontinuous
transitional strip between constructed (27.2% of the total surface) and
wooded (forest + untilled land = 64% of the total surface; length of
the protection forest strip = 601 m) plots. The length of the urban
front potentially exposed to rockfall also increased by 635 m since
1975. During these decades, landscape evolution was mainly controlled
by the rapid expansion of the peri-alpine conurbation of Grenoble. More
specifically, land pressure on the slopes of Crolles has been attributed to
the scarcity of land in the Isére Valley and, in addition, to the favorable
exposition of slopes at Crolles (Briquel, 2001; Perlik et al., 2001).

4.2. Sensitivity analyses in 1850 (SC1-SC3)

Accounting for the lack of information on forest structure in 1850,
three sets of simulations (SC1-SC3) were successively tested in
Rockyfor3D; they correspond to three different forest densities
(SC1 = 1500, SC2 = 1000 and SC3 = 750 stems-ha— ') (Table 1).
Fig. 4 presents the spatial distribution of rockfall deposits for SC3 and
for block volumes of 1.2 (V1) and 5 m? (V2). Return period (in years)
are computed at the level underneath the 300-m wide forest strip
(Table 2). In the case of V1, Rp values are generally low with 0.27
(SC3), 0.29 (SC2) and 0.3 (SC1) years, respectively. These values are 7
times higher than the recurrence interval (Ri (V1) = 0.043 years) com-
puted for V1. Therefore, results obtained confirm the protective effect of
the forest and are in line with recommendations given for protection
forest management for which (i) a minimum forest strip of 200 m
(Gauquelin, 2006) (ii) a density of 300-400 trees/ha with DBH
(>24 cm), and (iii) small inter-tree distances (gaps) are defined as
ideal to protect goods and people against rockfalls of limited volume
(Gsteiger, 1993; Frehner et al., 2005). When larger volumes are used
(V4 = 17 m®), Rp values range between 0.45 and 0.49 and only slightly
differ from Ri (0.31). By contrast to V1, model results suggest that the
forest can only provide a limited protection in the case of large block
volumes (V4) and irrespective of stand density, as it was also proposed
by e.g., Stokes (2006).

Conversely, for intermediate block volumes (i.e. V2 = 5 m> and
V3 = 10 m®), the proportion of blocks passing the forest strip is
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Fig. 4. Spatial distribution of rockfall deposits as simulated in RockyFor3D for 1850 (SC3), for block volumes of 1.2 (V1) and 5 m* (V2).

significantly influenced by stem density. In the case of V2, Rp varies be-
tween 0.65 (SC1) and 0.34 (SC3, —91%) for stem densities ranging from
1500 to 750 stem.ha™ ', respectively. In the case of V3, it decreases from
0.51 (SC1) to 0.36 (SC3, —41%). In the literature, protection forests are
usually considered as effective barriers providing significant mitigating
effects against rockfalls for volumes of up to 5 m> (Dorren et al., 2005;
Stokes, 2006). Our results, however, suggest that an increase in forest
density would permit to enhance the protective function even in case
that rock volumes go up to 10 m>.

Based on these results and so as to evaluate the number of blocks
that could potentially reach the forest and the urban fronts at different
moments back in time, we only retain the “worst” scenario (SC3) for
which 750 stems-ha™~! are included in the 1850 time step.

4.3. Evolution of the Rp at the level of the urban front between 1850 and
2013

At the slope scale, and regardless of the block volume, we observe a
sharp increase of Rp values since 1850 (Table 3B). When using volumes
according V1, a Rp of 143 years is calculated for 1850. By contrast, not a
single block of the same size actually reached the urban front in 2013
(SC6). For volumes V2, V3, and V4, the Rp increased from 14, 10, and 5
to 5000, 167 and 16 years between 1850 and 2013 (Table 3B), thus
confirming the increasingly higher degree of protection provided by a
widening forest strip.

A close examination of the evolution of rockfall passages along a rep-
resentative 1000-m-long elevational transect located in the Le Fragnés
neighborhood (Fig. 5) allows for a more detailed assessment of these
evolutions. In 1850 (Fig. 5A), the sharp decrease of rockfall passages in
the apical portion of the talus (i.e. within the uppermost 200 m) reveals
the protective effect of the forest stand for volumes up to 5 m>. Con-
versely, for volumes >10 m?, we observe strong similarities between

Table 2

Return period (in years) of rockfalls in 1850 computed at the level underneath the 300-m
wide forest strip for each scenario (SC1 = 1500, SC2 = 1000 and SC3 = 750 stems-ha~')
and each block volume (V1-V4).

V1 (1.2 m?) V1 (1.2 m?) V1 (1.2 m?) V4 (17 m?)
Rp (years)
SC1 (1850) 0.3 0.65 0.51 0.49
SC2 (1850) 0.29 0.44 0.4 0.46
SC3 (1850) 0.27 0.34 0.36 0.45

the reference scenario (RefSC) - computed without trees — and SC3, a
clear indication for the rather limited role of trees on rockfall propaga-
tion. For these large volumes, a sharp decrease in rockfall passages is ob-
served between 270 and 330 m a.s.l. where (i) slope angles drop to 24°
and material enters the depositional zone (Francou and Manté, 1990;
Luckman, 2013) and where (ii) maximum concavity can be observed
within the talus slope. Results obtained for V3 and V4 also suggest
that for the situation in 1850, rockfall propagation at the site was pre-
dominantly controlled by topography and especially by slope curvature.

One hundred years later, in 1956 (Fig 5B), rockfall frequency de-
creased in two ways: (i) in the uppermost 250 m of the slope profile,
the steep decline of rockfall frequency is mainly related to the densifica-
tion of the forest stand (from 750 to 1500 stem-ha™!); whereas (ii)
below 270 m a.s.l., the decreasing number of passages coincides with a
marked concavity (from 19° to 13°) in the slope profile. In addition, dif-
ferences between the RefSc and SC4 for block volumes V3 and V4, also
suggest a reduced influence of slope segmentation on rockfall propaga-
tion in the central portion of the talus slope (270-550 m a.s.l.). For large
blocks (=10 m?), rockfall frequencies remain rather stable between
1956 and 1975 (Fig. 5C), despite significant enlargement of the forest
strip. More interestingly, between 1975 and 2013 (Fig. 5D), and despite
arather limited afforestation of the most concave portions of the slope,
results reveal a sharp increase of Rp for block volumes V2, V3, and V4. As
a consequence, we hypothesize that this portion of the talus profile - lo-
cated between 270 and 300 m a.s.l. - plays a key role in terms of rockfall
protection, especially for larger block volumes.

4.4. Evolution of the kinetic energy between 1850 and 2013

The probability density functions of the mean kinetic energy (MKE)
were extracted from the raster layers issued by Rockyfor3D at each cell
intercepted by the urban Front (Fig. 6). As expected, mean MKE de-
crease with rock volumes (Table 3B, Fig. 6) in addition to varying over
time. In 1850, the highest MKE values observed at the level of the
urban front are attributed to (i) the high slope values in the steepest
portions of the vineyard which tend to accelerate rock movement and
to (ii) weak soil roughness of cultivated allotments which will not de-
celerate rockfalls; results thus also confirm that blocks will override
slope roughness and propagate further provided that the size of falling
rocks is greater than average roughness asperities (Lambert and Nicot,
2011). By contrast, lower kinetic energies are systematically observed
since 1956, thus illustrating the protective effects of untilled land allot-
ments in efficiently dissipating energy, even if they are scattered



Table 3

(A) Hazard levels associated to the reach probability (Rprob) computed for each scenario (SC3-SC6) and each block volume (V1-V4) based on the French ADRGT (Association
Développement Recherche Glissement de Terrain) methodology for rockfall zoning. (B) The mean kinetic energy (MKE) and the return period (Rp) computed at each date (SC3-6)
and for each block volume (V1-4) and associated hazard levels based on the Eurobloc intensity-frequency matrix.

A
V1 (1.2 m?) V2 (5m°) V3 (10m®) V4 (17 m?)
Rprob

SC3 (1850)

SC4 (1956)

SC5 (1975) 0.000017

SC6 (2013) 0 0.000027
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Fig. 5. Frequency of rockfall passages (for volumes V1-V4) in 1850 (SC3, A), 1956 (SC4, B), 1975 (SC5), 2013 (SC6) and for the reference scenario (RefSC) along a representative 1000-m-

long elevational transect (in white) located in the Le Fragnés neighborhood.

throughout the slope, as was the case in 1956. Here, the decrease of MKE
between the forest and the urban front is mainly attributed to the colli-
sion of blocks with trees, a mechanism which has been demonstrated to
significantly reduce the velocity of rockfalls (Dorren and Berger, 2006).

4.5. Impacts of LULC changes on rockfall hazards since 1850

In this contribution we quantified the evolution of rockfall hazards at
Crolles since the mid-19th century based on ADRGT and Eurobloc meth-
odologies: (i) the French ADRGT (Association Développement
Recherche Glissement de Terrain) and (ii) the Eurobloc methodology.

The French methodology used for rockfall zoning, called ADRGT
(Association Développement Recherche Glissement de Terrain;
Desvarreux, 2002, 2007) suggests reach probability (Rprob) of 10~2,
107,105, and 0 to be translated into zones which highly, moderately,
slightly or not exposed to rockfalls. Based on Rprob values (Table 3A),
high, moderate, low or null hazards were assigned to the urban front
of Crolles (Abbruzzese and Labiouse, 2010). According to the ADRGT
methodology, despite the extension of the urban front, the hazard levels
associated with 1.2 (V1) and 5 m? (V2) blocks decreased from moderate
in 1850 to null (low) in 2013 while they remain moderate throughout
the period for 10 (V3) and 17 m> (V4) blocks.

(ii) The Eurobloc methodology combines the frequency of rockfall
events and energy (Mavrouli et al., 2014) to discriminate five degrees
of rockfall hazards (going from null to high). According to the Eurobloc
methodology, the degree of hazard decreased from moderate to null for
small volumes (V1, V2) since 1956 and in 2013, respectively. For V3, and
despite a sharp decline of MKE since ca. 1956 which was associated with
aclear increase of Rp since 1975 (from 10 to 167 years), the hazard level
remains moderate over the entire period. For very large block volumes
(V4), the decline of the hazard level from high to moderate between
1850 and 1956 mainly results from the reduction of MKE, with the latter
being related to higher tree density in the upper part of the slope (Perret
et al, 2004), and a widening of the forest strip between 350 and 400 m
a.s.l. Importantly and whatever zoning methodology is being used, our
results thus reveal quite clearly that LULC changes contributed to
(i) significantly reduce rockfall hazards for volumes up to 5 m?, and to
(ii) maintain rockfall hazard at the same regulatory level for volumes
>10 m3, despite the fact that the urban front which is potentially ex-
posed to rockfall has seen an increase by 100% since 1850. Yet, we also
have to underline that the results of this study should not be used for
zoning purposes. Indeed, one of the shortcomings of this study is the
quantification of the level of hazards at Crolles, as the mapping of hazard
levels has not been realized for each district individually. In addition, fu-
ture work should focus in more detail on the identification of rockfall
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Fig. 6. Probability density functions of the mean kinetic energy for each scenario (SC3-SC6) and each block volume (V1-V4) at each cell intercepted by the Crolles urban front.

source cells, model each district separately and compute Rprob and
MKE specifically for each of the neighborhoods considered in this
study. At the same time, similar studies seem not realistic at a lower spa-
tial scales (allotments) at present to (i) the impossibility to associate
one or more source cells to each of the allotments, (ii) uncertainties re-
lated to the differential productivity of each source cell, (iii) technical
limitations related to the storage of each rockfall trajectory which
would prevent the extraction of reach probabilities at the pixel scale,
(iv) the impossibility to precisely attribute specific soil mechanical
properties to each of the allotments.

5. Conclusions

This study is among the first to detail effects of land use and land
cover changes on rockfall propagation and associated level of hazards.
Through the coupled analysis of diachronic landscape evolution and
rockfall simulations on the talus slopes above Crolles, we document
the rapid afforestation after land abandonment as well as intense
periurbanisation since the mid-19th century. We consequently demon-
strate that landscape reorganization induced an increase of (i) return
period at Crolles and a gradual decrease of (ii) mean kinetic energy of
blocks since 1850. For blocks up to 5 m>, the decrease of rockfall fre-
quency and energy since 1956 is mainly attributed to the densification
of the forest stand in the upper part of the slope. Our study further dem-
onstrates the key role of the protection forest in controlling rockfalls and
their reach which has favored significant reduction of hazard levels at
the urban front of Crolles despite rapid urbanization of the talus slope
since 1850. During the last decades a lot of attention has been paid to
the influence of climatic changes on rockfall activity whereas the im-
pacts of land use and land cover changes have almost systematically
been disregarded. Our findings demonstrate the added value of a dy-
namic approach accounting for land use and land cover changes for

future hazard assessment but also call for more research on this barely
addressed topic.
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