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Probability maps of landslide reactivation are presented for the Pra Bellon landslide located in the southern
French Alps based on results obtained with dendrogeomorphic analysis. Spatiotemporal patterns of past
landslide activity was derived from tree-ring series of 403 disturbed mountain pine trees growing in the
landslide body. In total, 704 growth disturbances were identified in the samples indicating 22 reactivation
phases of the landslide body between 1910 and 2011. The mean return period was 4.5 years. Given the spa-
tiotemporal completeness of the reconstruction, probabilities of landslide reactivation were computed and
illustrated using a Poisson distribution model and for 5, 20, 50, and 100 years. Probability of landslide reacti-
vation is highest in the central part of the landslide body and increases from 0.13 for a 5-year period to 0.94
for a 100-year period. Conversely, probabilities of reactivation are lower at its margins. The proposed method
differs from conventional approaches based on statistical analyses or physical modeling that have demon-
strated to have limitations in the prediction of spatiotemporal reactivation of landslides. Our approach is,
in contrast, based on extensive data on past landslides and therefore allowed determination of quantitative
probability maps of reactivation derived directly from the frequency of past events. This approach is consid-
ered a valuable tool for land managers in charge of protecting and forecasting people and their assets from
the negative effects of landslides as well as for those responsible for land use planning and management. It
demonstrates the reliability of dendrogeomorphic mapping that should be used systematically in forested
shallow landslides.
.lopezsaez@gmail.com
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1. Introduction

Each year, mass movements cause considerable financial damage
to alpine societies (Hilker et al., 2009). They repeatedly destruct set-
tlements, disrupt transportation corridors, or even lead to the loss
of life. Global statistics show that damage from landslides has risen
for the last 30 years in mountain areas (Alexander, 2008). This
trend is linked both to an increase in the occurrence of hazardous
events and to larger populations living in constantly growing Alpine
settlements (Petrascheck and Kienholz, 2003). In addition, extensive
records of landslide activity (Guzzetti et al., 1994; Floris and Bozzano,
2008) show that new slides are, in many cases, consequent upon par-
tial or complete reactivation of existing landslide bodies. A need
therefore exists for the documentation of past events and elaboration
of site-specific landslide reactivation maps indicating the degree of
stability of specific areas as well as providing information on the
probability of landslide reactivation (Varnes, 1984).

Methods available for the assessment of probabilities of landslide
reactivation have been reviewed by Aleotti and Chowdhury (1999).
In the past, two independent approaches have been traditionally
used: (i) analysis of the potential for slope failure and (ii) a statistical
treatment of past landslide events. The first approach takes account of
present slope conditions and evaluates the potential for instability
(e.g., Corominas and Moya, 2008). The second approach, which is in
line with the objectives of this paper, obviates the causes of instability
and analyses the frequency of past events, considered to be repetitive,
to derive probabilities of reactivation (Brabb, 1984).

As complete as possible landslide records coveringmultiple decades
are normally needed to perform a reliable probabilistic analysis, but
such data is not normally available with satisfying spatial resolution
over long enough timescales and as a continuous record (Claessens et
al., 2006; Thiery et al., 2007; Corominas and Moya, 2008). Estimates
were derived from archives such as narrations, paintings, engravings
and other artwork, terrestrial or aerial photographs, remote sensing se-
ries, or incidental statements (Brunsden et al., 1976; Hovius et al., 1997;
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Martin et al., 2002). The temporal window of the record seldom spans
more than a few decades and rarely covers centuries. In addition and
even more importantly, archival data on landslides usually lack spatial
completeness, resolution, and precision and invariably emphasize
events that caused damage to human structures. At the same time,
they tend to underestimate failures, even large ones that took place in
areas that have been unpopulated in the past (Guzzetti et al., 1994;
Ibsen and Brunsden, 1996; Carrara et al., 2003).

In order to compute accurate probability maps of landslide reacti-
vation at the local scale, available for disaster prevention and genera-
tion of risk maps, an approach is thus required that offers both an
adequate temporal and spatial resolution. On shallow landslide bod-
ies covered with tree stands, dendrogeomorphology may allow such
a reconstruction of landslide reactivation with the desired resolution
through the analysis of growth disturbances contained in tree-ring
records (Alestalo, 1971; Stoffel et al., 2010). Indeed, trees suffering
from superficial and slow movements may survive reactivation
events and conserve evidence of topping, tilting (or S-shaped
stems), scarring, or root breakage in their increment rings (Carrara
and O'Neill, 2003; Stefanini, 2004). As tree-ring series provide a con-
tinuous record over the lifespan of the tree and, collectively, over the
lifespan of the sampled population (Procter et al., 2011), they offer a
unique spatiotemporal resolution of past activity. Nevertheless, no at-
tempts have been undertaken so far to use the spatial distribution of
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disturbed trees as a source of information for the quantification and
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The purpose of this study therefore is to map the probability of
landslide reactivation for a site in the Ubaye valley (French Alps)
using dendrogeomorphic techniques. Through an exhaustive sam-
pling of 403 mountain pines (Pinus uncinata Mill. ex Mirb), we (i) re-
construct a chronology of past landslide reactivations; (ii) evaluate its
accuracy and compare the data with historical archives; (iii) deter-
mine the spatial extent of past events; (iv) derive a high resolution
landslide return period map; and finally (v) quantify and map the
probability of landslide reactivation for the coming 5, 20, 50, and
100 years using a Poisson distribution model.

2. Study site

The Pra Bellon landslide (44°25′ N., 6°37′ E.; Fig. 1A) is located in
the Riou-Bourdoux catchment, a tributary of the Ubaye River and on
the north-facing slope of the Barcelonnette basin, 3 km north of
Saint-Pons (Alpes de Haute-Provence, France). The Riou-Bourdoux
catchment has been considered the most hazardous area in France
(Delsigne et al., 2001) and is well known for its extensive mass move-
ment activity. The history of hydrogeomorphic processes in the wider
case-study area has been documented extensively (Braam et al.,
1987), and activity seems to date back to at least the fifteenth century
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when the area was almost completely deforested (Weber, 1994). Res-
toration activities in the Riou-Bourdoux catchment started in 1868
and are still ongoing under the supervision of the RTM services
(Flez and Lahousse, 2003). Extensive records of debris flow activity
exist for the Pra Bellon catchment, but conversely, for the Pra Bellon
landslide, only one landslide event has been inventoried in spring
1971 (Delsigne et al., 2001).

The Pra Bellon landslide is 175 m long, 450 mwide (32 ha), and has a
depth varying between 4 and 9 m. Its elevation ranges from 1470 to
1750 m asl and the volume of the body has been estimated at 1.5–
2×106 m3 (Weber, 1994; Stien, 2001). The rotational landslide is a
slump characterized by a 1.5-m-thick top moraine layer underlain by a
weathered and unsaturated black marl layer (thickness 5–6 m), which
overlies bedrock of unweatheredmarl (Mulder, 1991). Colluviumconsists
of 60–80% silt, 10–35% clay, and 0–10% sand (Mulder, 1991) and is very
sensitive to mass movement (Antoine, 1995; Meunier et al., 1995). In
dry conditions, black marls are quite solid and able to absorb large quan-
tities of water, but soften considerablywhenwet. Landslide activity at Pra
Bellonwas considered the consequence of (i) a discontinuity between the
moraine deposits and black marls favoring slope movements (Dehn and
Buma, 1999); (ii) high groundwater levels in the weathered marl layer
and the temporal occurrence of a perched water table in the topmoraine
deposits (Caris and vanAsch, 1991); (iii)microtectonics, forming apoten-
tial sliding surface and guiding fragmentation and weathering (Maquaire
et al., 2003).

The study site is characterized by irregular topography with a
mean slope angle of about 20°. Two main scarps (SC) delineate the
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Fig. 2. Geomorphic map.
Adapted from Utasse (2009), and mod
head of the landslide (Fig. 1B): SC1, located at around 1720 m asl, is
3 m high and partly colonized by trees; SC2, located at around
1640 m asl, is 20 m high, with a slope angle of 70°, and completely
void of vegetation. On the landslide body, four recent earthslides
and several minor internal scarps and cracks are clearly visible and
presented in Fig. 1.

P. uncinata has a competitive advantage on these dry, matrix-poor
soils (Dehn and Buma, 1999; Fig. 1B) and form nearly homogeneous
forest stands outside the surfaces affected by the scarps and recent
earthflows. The tilted and deformed P. uncinata trees also clearly indi-
cate that the Pra Bellon landslide has been affected by multiple reac-
tivations in the past.

The climate at the study site is dry andMediterraneanwith strong
interannual rainfall variability. According to the HISTALP data set
(Efthymiadis et al., 2006), precipitation at the gridded point closest
to the Pra Bellon landslide (44°25′ N., 6°35′ E.) is 895±154 mm.
year−1 for the period 1800–2003. Rainfall can be violent, with inten-
sities exceeding 50 mm h−1, especially during frequent summer
storms (Flageollet, 1999). Mean annual temperature is 7.5 °C with
130 days of freezing per year (Maquaire et al., 2003).

3. Material and methods

3.1. Reconstruction of landslide events with tree-ring series

Dendrogeomorphic techniques have been used to date landslide
events in several ways. Tree age may supply a first but important
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information as the oldest undisturbed tree on a landslide body will
provide a minimum age of movement (Carrara and O'Neill, 2003).
The approach using tree age on landslide surfaces is not new and ex-
tends back to the late nineteenth century when McGee (1893) and
Fuller (1912) aged movements in Tennessee and along the Mississip-
pi River.

A more complex analysis of landslide movement involves the in-
terpretation of growth disturbances in annual ring series of trees af-
fected by landslide activity (Carrara and O'Neill, 2003). The earliest
dendrogeomorphic studies of landslides date back to Alestalo
(1971), and the method has been used ever since extensively in the
United States (e.g., Reeder, 1979; Hupp, 1983; Osterkamp et al.,
1986; Williams et al., 1992; Carrara and O'Neill, 2003), in Canada
(Butler, 1979), but also in Quebec (Bégin and Filion, 1988). In Europe,
tree rings have been used to reconstruct the frequency and landslides
reactivation in the French (Braam et al., 1987; Astrade et al., 1998)
and Italian Alps (Fantucci and McCord, 1995; Fantucci and Sorriso-
Valvo, 1999; Santilli and Pelfini, 2002; Stefanini, 2004), in the Spanish
Pyrenees (Corominas and Moya, 1999), and in the Flemish Ardennes
(Belgium; Van Den Eeckhaut et al., 2009).

3.2. Collection and preparation of samples

Analysis of past landslide activity started with the geomorphic
mapping (Fig. 2) where geomorphic units were combined with
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and inverse distance weighted method.
geomorphic details associated with past activity. The map was real-
ized on the basis of previous work (Stien, 2001; Utasse, 2009) and
with the help of a detailed GPS field survey.

Based on an outer inspection of the stem, P. uncinata trees obvi-
ously influenced by past landslide activity were sampled. Normally,
four cores per tree were extracted: two in the supposed direction of
landslide movement (i.e., upslope and downslope cores) and two
perpendicular to the slope. To gather the greatest amount of data on
past events, trees were sampled within the tilted segment of the
stems. To avoid misinterpretation, trees growing in sectors influenced
by processes other than landslide or anthropogenic activity (sylvicul-
ture) were disregarded systematically for analysis.

A total of 403 P. uncinata trees (Fig. 3) were sampled with 1563 in-
crement cores. For each tree, additional data were collected including
(i) tree height; (ii) diameter at breast height (DBH); (iii) visible de-
fects in tree morphology, and particularly the number of knees; (iv)
position of the extracted sample on the stem; and (v) photographs
of the entire tree. The GPS coordinates with b1 m accuracy were
recorded for each tree sample using a Trimble GeoExplorer. In addi-
tion, 20 undisturbed trees located above SC1 and showing no signs
of landslide activity or other geomorphic processes were sampled to
build a reference chronology. Two cores per tree were extracted in
this case parallel to the slope direction and systematically at breast
height. This reference chronology represents common variations of
tree growth at the site (Cook and Kairiukstis, 1990) and enables
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precise cross-dating and age correction of the cores sampled on the
landslide body.

The samples obtained in the field were analyzed and data pro-
cessed following standard dendrochronological procedures (Bräker,
2002; Stoffel and Bollschweiler, 2008). Single steps of surface analysis
included sample mounting on a slotted mount, sample drying, and
surface preparation by finely sanding the upper core surface up to
grit size 600. In the laboratory, tree rings were counted and ring
widths measured to the nearest 0.01 mm using a digital LINTAB posi-
tioning table connected to a Leica stereomicroscope and TSAP-Win
Scientific software (Rinntech, 2009). The reference chronology was
developed based on the growth curves of the undisturbed trees
using the ARSTAN software (Cook, 1985). The two measurements of
each reference tree were averaged, indexed, and detrended using a
double detrending procedure (Holmes, 1994) with a negative expo-
nential curve (or linear regression) and a cubic smoothing spline
function (Cook and Kairiukstis, 1990). The quality of the cross-dating
was evaluated using COFECHA (Holmes, 1983) as well as the graphi-
cal functions of TSAPWin (Rinntech, 2009). Growth curves of the
samples of disturbed trees were then compared with the reference
chronology to detect missing, wedging, or false rings and to identify
reactions to mechanical stress. As no significant correlation was
found between the reference chronology and 156 cores from 53 af-
fected trees (13%), these trees were not considered for further
analysis.
3.3. Sign of disturbance in the tree-ring record

Landslide movement induces several kinds of growth disturbances
(GD) to trees, most commonly in the form of an abrupt reduction in
annual ring width and/or the formation of compression wood on
the tilted side of the stem. A reduction in annual ring width over sev-
eral years is interpreted as damage to the root system, loss of a major
limb, or a partial burying of the trunk resulting from landslide activity
(Carrara and O'Neill, 2003). In this study, growth-ring series had to
exhibit (i) a marked reduction in annual ring width for at least five
consecutive years such that (ii) the width of the first narrow ring
was 50% or less of the width of the annual ring of the previous year.

The onset of compression wood is interpreted as a response to
stem tilting induced by landslide pressure. Tilted trees try to recover
straight geotropic growth (Mattheck, 1993) through the develop-
ment of asymmetric growth rings, i.e., formation of wider annual
rings with smaller, reddish-yellow colored cells with thicker cell
walls (so-called compression wood; Timell, 1986) on the tilted side
and narrow (or even discontinuous) annual rings on the opposite
side of the tree (Panshin and De Zeeuw, 1970; Carrara and O'Neill,
2003). Finally, the formation of callus tissue was interpreted as a reac-
tion to the corrasion of tree stems by the debris that causes damage
and scars (Hupp, 1983).
3.4. Age structure of the stand

The age structure of the stand was approximated by counting the
number of tree rings of selected trees (87% of the sampled population)
and visualized after an “inverse distance weighted” interpolation
using ArcGIS 9.3 (ESRI, 2005). Interpolations were performed using
an ellipse-shaped search including data from 10 to 15 neighboring
weighted points within each of its four sectors. The same method
was used for the return period and probability maps.

However, because trees were not sampled at their stem base and
the piths or innermost rings of several trees were rotten, the age
structure is biased and does not reflect inception germination dates.
Nonetheless, it provides valuable insights into major disturbance
events at the study site with reasonable precision.
3.5. Dating of events

Determination of events was based on the number of samples
showing GD in the same year and on the distribution of affected
trees on the landslide body (Bollschweiler et al., 2008). To avoid over-
estimation of GD within the tree-ring series in more recent years be-
cause of the larger sample of trees available for analysis, we used an
index value (It) as defined by Shroder (1978) and Butler andMalanson
(1985):

It ¼ ∑
n

i¼1
Rtð Þ=∑

n

i¼1
Atð Þ

 !
×100 ð1Þ

where R is the number of trees showing a GD as a response to a land-
slide event in year t, and A is the total number of sampled trees alive
in year t. Following disturbance by an initial event, a tree may not nec-
essarily yield useful data on additional events for some time (i.e., a tree
may already be forming a narrow band of annual rings such that a sub-
sequent disturbance would not be detected); this is why Iwas adjusted
to only take account of trees with a useful record for year t (Carrara and
O'Neill, 2003).

In this study, a minimum of 10 trees exhibiting a response (e.g.,
Dubé et al., 2004; Corona et al., 2010) was required for an event to
be dated so as to avoid an overestimation of relative response num-
bers resulting from a low number of trees early in the record (e.g.,
Dubé et al., 2004). In order to minimize the risk that GD caused by
other (geomorphic) processes could mistakenly be attributed to a
landslide event and to take into account the sampling size, the chro-
nology of past events was also based on It≥5%.

However, the strictness of these thresholds and the large sample
size may induce a misclassification of minor events. To avoid misclas-
sification, the yearly patterns of disturbed trees for years with
2%≥ Itb5% and GD in at least five trees were carefully examined.
Using geographical coordinates, trees were placed into a geographical
information system (GIS; ArcGIS 9.3; ESRI, 2005) as geo-objects, and
years of GD were linked as attributes to each single tree. We comput-
ed autocorrelations (feature similarity) based on the location and
values of trees with the ArcGIS pattern analysis module (ESRI, 2005)
and calculated yearly Moran indices (Moran, 1950) to evaluate
whether the pattern of disturbed trees was clustered, dispersed, or
random. A Moran index value near 1 indicates clustering, while a
value near −1 indicates dispersion. The Z scores and p-values were
used to indicate the significance of individual Moran index values.
Random and dispersed patterns were disregarded from the recon-
struction, whereas years with clustered patterns were considered as
minor or spatially limited events.

3.6. Calculation of landslide return periods and probabilities of
reactivation

Traditionally, the return period designates themean time interval
at which a material reaches a given point in an avalanche path
(McClung and Schaerer, 1993; Corona et al., 2010). Frequency is usu-
ally expressed in years as a ‘return period’ (i.e., 1/frequency). By
analogy, individual tree return periods (Rp) were calculated for the
Pra Bellon landslide from GD frequency f for each tree T as follows
(Reardon et al., 2008):

fT ¼ GDT=AT ð2Þ

where GD represents the number of growth disturbances detected in
the tree T, and A the total number of years tree Twas alive. Because of
the exhaustive sampling and effectiveness of the dendrogeomorphic
reconstruction, this approach was adapted to determine landslide
return period.



Table 1
Yearly Moran Indices and corresponding patterns computed for years with 5%N ItN2%
and GDN5.

Year Moran's index Distribution

1881 −0.03 Dispersed
1907 0.05 Dispersed
1911 0.14 Clustered
1919 0.21 Clustered
1921 0.13 Clustered
1925 0.02 Dispersed
1940 0.14 Clustered
1942 0.06 Dispersed
1946 −0.01 Dispersed
1951 0.01 Dispersed
1955 −0.01 Dispersed
1960 −0.01 Dispersed
1993 0.13 Clustered

194 J. Lopez Saez et al. / Geomorphology 138 (2012) 189–202
Complete landslide records covering a long timespanmay be used to
perform probabilistic analyses (Corominas and Moya, 2008). The theo-
retical probability of a landslide to occur at Pra Bellon was modeled
using a Poisson distribution (Crovelli, 2000; Guzzetti, 2000; Corominas
andMoya, 2008). Thismodel was applicated tomany other hazard pro-
cesses besides landslides, for example, earthquakes, floods, tsunamis,
volcanoes, and storms (Crovelli, 2000). The Poisson model allows
determination of future landslide probability based on the assump-
tion (Guzzetti et al., 2005) that (i) the number of landslide events
that occurs at disjoint time intervals is independent; (ii) the probability
of an event occurring in a very short time is proportional to the time in-
terval; (iii) the probability of more than one event in a short time inter-
val is negligible; (iv) the probability distribution of the number of events
is the same for all time interval of fixed lengths; and (v) themean recur-
rence of events will remain the same in the future as it was observed in
the past. Based on the above consideration, the probability (p) for an
event with a return period (T) to occur in a given number of years N
(fixed to 5, 10, 20, and 100 years) was computed as follows:

p ¼ 1−Exp −N=Tð Þ: ð3Þ

According to this distribution, the probability P for a centennial
event to occur during the next 100 years is, for example, 0.63.

4. Results

4.1. Age structure of the stand and growth disturbances

Pith age data from 350 P. uncinata trees sampled at Pra Bellon sug-
gest an average age of the sample of 91±28 years. Only one-third of
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the trees (32%) is older than 100 years with the oldest tree selected
for analysis showing its first ring at sampling height in 1848; the
youngest tree reached sampling height in 1983. As can be seen in
Fig. 3, the distribution of tree ages is heterogeneous and the forest
matrix is constituted by trees aged between 50 and 100 years with
patches of old trees (N120 years) scattered within the matrix. Accord-
ing to the tree-ring data, individual old trees were present since the
mid-nineteenth century and progressively colonized the landslide
body.
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dots represent trees that are alive but not affected by the reactivation.
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represents another common response of P. uncinata to landsliding. In
contrast, the formation of callus tissue (34 GD) was by far less abun-
dant. The earliest GD observed in the tree-ring series dates back to
1860; however, this year was not considered a landslide event as
only two trees showed GD (Figs. 4A,B). In 1881, the number of GD
surpassed five which was defined the threshold for GD to be consid-
ered as a landslide event.

4.2. Landslide events and decadal landslide frequency

The 704 GD identified in the tree-ring series allowed dating of 22
landslide events between 1911 and 2005. As can be seen in Fig. 4, the
dating of 17 events (1915, 1917, 1936, 1941, 1947, 1961, 1971, 1977,
1979, 1990, 1995, 1997, 1998, 2001, 2002, 2004, and 2005) was based
on It≥5% and GD in at least 10 trees. In contrast, for the events dated
to 1881, 1907, 1911, 1919, 1921, 1925, 1940, 1942, 1946, 1951, 1955,
1960, and 1993, the limited number of GD was N5 and 5%N ItN2% did
not allow for them being considered events with equal confidence.
The yearly Moran I statistics computed for these years vary between
−0.03 in 1881 (i.e., dispersed distribution of affected trees) and
0.21 in 1919 (i.e., spatial clustering of GD). Only 5 of these events
(1911, 1919, 1921, 1940, and 1993) display clustered patterns of
disturbed trees with sufficient aggregation to be considered landslide
events (Table 1). In 1881, 1907, 1925, 1942, 1946, 1951, 1955, and
1960, the spatial distribution of disturbed trees does not display any
significant pattern and these years were not therefore kept for further
analysis.

Determination of decadal variations in landslide frequency at Pra
Bellon was limited to the twentieth and twenty-first centuries
where the number of trees and data coverage were sufficient. The
mean number of events per decade amounts to 2 with a range from
0 (1900–1909, 1950–1959, and 1980–1989) to 5 (1990–2000). The
recent part of the record (1990–2010) exhibits a very pronounced ac-
tivity with 9 events. The periods 1921–1936, 1961–1971, and 1979–
1990 represent phases of reduced landslide activity with no events
reconstructed based on the dendrogeomorphic record.

4.3. Spatial distribution of trees disturbed by landslide events

Event-response maps are provided in Fig. 5 and yielded four dis-
tinct patterns for landslide events at Pra Bellon. The landslides
dated to 1936, 1979, 1998, 2001, 2002, and 2004 represent event pat-
tern 1 and covered the entire study areas including trees located on
SC1. Event pattern 2 is represented with landslide events of 1961,
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1977, 1990, 1997, and 2005. Here, only trees located in the main land-
slide body were affected by instability. Event pattern 3 is illustrated
with the events of 1915, 1917, 1941, 1947, 1971, and 1995 and char-
acterized by tree disturbance in well-defined and isolated segments
of the landslide body (b0.2 ha) and correspond to years defined as
minor events in the previous section. For instance, the event of
1947 only disturbed trees located in the southeastern part of the
landslide body. In a similar way, the event of 1940 caused 9 GD, an
It=4%, and affected at least two trees each in four distinct landslide
segments with surfaces ranging from 0.05 to 0.12 ha.
4.4. Return period and landslide probability maps

Considering the 22 reconstructed events within the sampled area,
the mean return period for the Pra Bellon landslide is 4.5 years (medi-
an: 2 years) for the period 1910–2011. When analyzed spatially, the
return period shows a clear increase from the central part (6 years)
to the margins (N80 years) of the landslide body (Fig. 6A). When
younger trees (b100 years) are excluded from the interpolation
(Fig. 6B), return periods increase from 14 years on both sides of the re-
cent earthflow to N100 years at the margins of the landslide body.
However, the same patterns are observed in both maps revealing
that increase of return periods toward the margins of the landslide
body is independent of tree age.

Return periods of landslide were transformed into landslide occur-
rence probability using a Poisson distribution. Highly resolvedmaps of
return period derived from the 350 cross-dated P. uncinata trees were
then used to represent the probability for a landslide reactivation to
occur within 5, 20, 50, and 100 years (Fig. 7A–D). As expected, the
probability for a landslide to be reactivated is highest in the central
part of the landslide body and increases from 0.13 for a 5-year period
to 0.94 for a 100-year period. At the margins, the probabilities for an
event are lower, yet they remain N0.6 for the 100-year period.
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5. Discussion

Dendrogeomorphic analysis of 1563 increment cores taken from
403 P. uncinata allowed reconstruction of 22 events for the Pra Bellon
landslide between 1910 and 2011. The reconstruction added 21 pre-
viously unknown events to the historic chronology and confirmed
the event of 1971 known from archival records (Delsigne et al., 2001).

The reconstructed time series represents a minimum frequency of
reactivation events for the Pra Bellon landslide in the recent past as the re-
construction was limited by tree age. The ‘état-major’ topographical map
(Fig. 8A), realized between 1825 and 1866, does not show a continuous
forest in the Pra Bellon area and therefore supports our data suggesting
tree germination and the establishment of a forest at the study site in
the second half of the nineteenth century. Furthermore, the existence of
SC2 on the ‘état-major’map reveals that the first occurrence of landslides
at Pra Bellon predates the first event reconstructed with dendrogeo-
morphic techniques to 1911. Thefirst event in our record therefore repre-
sents a reactivation and not an initial landslide event.

Several limitations are apparent as to the potential of tree-ring
analysis to detecting past periods of landslide activity. Reactivation
of the landslide body must be, on one hand, powerful enough to
damage a sufficiently large number of trees through stem topping,
tilting, or root damage. At the same time, more violent and destruc-
tive events are likely to kill trees and evidence of this category of
events is not likely to be available to the investigator, as dead trees
will disappear some time after an event.

Despite these limitations, the methodology deployed in this study
enhances the reliability of datasets on past landslide events at the
local level. In addition, the It and GD thresholds as well as the spatial
analysis of event-response maps minimized the risk of GD resulting
from nonlandslide events to be included in the chronology. The
thresholds also allowed rejection of GD related to creep or fall that
have been shown to affect a rather limited number of trees per
event (Stoffel and Perret, 2006).
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For the period 1948–2007, the diachronic analysis of aerial photo-
graphs provides additional evidence for the spatiotemporal accuracy
of the dendrogeomorphic reconstruction presented in this paper.
The reactivations of 1961 and 1971, deciphered from the tree-ring re-
cords, are supported by the slight extension of bare areas observed in
the landslide body and by a local slide in the northwestern part of SC2
between 1948 (Fig. 8B) and 1974 (Fig. 8C). Between 1974 and 1982
(Fig. 8D), the diachronic analysis suggests significant changes with
several bare areas downslope of SC1 or within the landslide body.
These changes thus support the assumption of two major events
reconstructed in 1977 and 1979. Between 1982 and 1995 (Fig. 8E),
an earthslide destroyed a large part of the forest stand in the south-
eastern part of the landslide body. Interestingly, a unique event is
reconstructed for this period and dated to 1990. The GD of this land-
slide are observed in several trees growing at the periphery of this
slide. Similarly, the earthslide observed in the western part of the
Fig. 8. Diachronic evolution of the Pra Bellon landslide between 1825 and 2007. (A) Etat Maj
Geographic Institute, IGN aerial mission, 1948_F3537-3540_P30000), (C) 1974 (1974_FR262
(F) 2000 (2000_FD04_C_25000), and (G) 2007 (IGN special mission for the Riou Bourdoux c
the landslide movements.
landslide body between 2000 (Fig. 8F) and 2007 (Fig. 8G) corrobo-
rates the event-response map reconstructed for an event in 2001.

Fig. 9 shows a comparison of our reconstructed landslide events
(Fig. 9A) with historical archives (i) of debris flows in the Riou Bour-
doux catchment (1910–1994, Fig. 9B) and (ii) landslide events in the
wider Barcelonnette region (1910–2003, Fig. 9C). The historical ar-
chive of debris flows in the Riou Bourdoux catchment (Delsigne et
al., 2001) contains 29 events in 18 distinct years between 1910 and
1994 and suffer from a major gap during the interwar period
(1918–1947). Only four years coincide between the two records,
namely 1915, 1917, 1977, and 1979 (Figs. 9A,B). Conversely, five
landslide events are not synchronous with debris-flow activity in
the Riou Bourdoux catchment, and 14 debris flows do not have any
analogs with reconstructed landslides. Although precipitation cer-
tainly plays a crucial role in the triggering of both processes, intense
rainfalls capable of generating debris flows in the Riou Bourdoux
or topographical map and aerial photographs of the landslide area in (B) 1948 (National
0_P_110000), (D) 1982 (1982_IFN04_P_17000), (E) 1995 (1995_F3539-3540_P30000),
atchment). The dashed line indicates the investigated area and the white arrow shows
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catchment (Remaître, 2006) will not necessarily be sufficient to cause
the Pra Bellon landslide to reactivate.

Additionally, the dendrogeomorphic time series of landslides was
compared with archival records on landslides in the Barcelonnette
area (Amiot and Nexon, 1995; Flageollet, 1999). This continuous re-
cord contains 138 historical references to shallow landslides and
mudslides. For sites located in the vicinity of the Pra Bellon landslide,
isolated events have been inventoried for 1911, 1941, 1995, 1997, and
2002; landslide activity at three locations in 1936, 1947, and 1993; at
four sites in 1977; and even on nine different landslide bodies in 1971
(Fig. 9A,C). When compared with the reconstructed Pra Bellon series,
analogs cannot be found for 12 dates (namely 1915, 1917, 1919, 1921,
1940, 1961, 1979, 1990, 1998, 2001, 2004, and 2005) and therefore
remain unconfirmed. If the comparison is done at the decadal scale,
a complete absence of events can be observed at the local (Pra Bellon)
and regional scales between 1922 and 1935. For the period 1980–
1990, the Pra Bellon reconstruction shows a complete absence of
landslides whereas an increase in landslide frequency is observed at
the regional scale, partly related to the triggering of mudslides at La
Valette and Super Sauze (Malet, 2003).

The reconstruction of spatiotemporal patterns of landslide activity
with dendrogeomorphic techniques is recent but has been helpful for
the understanding of landslide kinematics and its spatial evolution
(Corominas and Moya, 2010). Fantucci and McCord (1995), for in-
stance, identified reactivation events of a landslide at Fossatello be-
tween 1880 and 1994 and produced maps showing parts of the
landslide body reactivated in 10-year periods. In our study, the ex-
haustive sampling of P. uncinata trees allowed computation of a
very detailed spatiotemporal chronology of landslide reactivation at
Pra Bellon. Given the completeness of the reconstruction (since
1910), we were able to map return periods of reactivation. Assuming
that landslide recurrence will remain comparable in the future, and
adopting a Poisson probability model (Guzzetti et al., 2005), we
were also able to determine the probability of having a reactivation
in each mapping unit for time intervals varying from 5 to 100 years.
Highest return periods associated with major probabilities of reacti-
vation are mapped in the central part of the landslide body on each
side of a recent earthslide. Despite forest restoration efforts in the
basin, our data illustrates that the return period of landslides at Pra
Bellon sharply increased over the last 50 years.

Our approach purposely does not include physically based model-
ing, as this conventional method has been shown to predict the spa-
tiotemporal occurrence of landslides with difficulties (Jaiswal et al.,
2011). Most previous work focusing on landslide mapping has been
based on susceptibility maps and therefore provides an estimate of
where landslides are expected to occur (e.g., Brabb, 1984; Guzzetti
et al., 2005). Much less work has been done on the establishment of
the temporal probability of reactivation (Coe et al., 2000; Guzzetti
et al., 2005). The approach presented in this paper allows determina-
tion of quantitative probabilities of reactivation estimated directly
from the frequency of past landslide events and does not require a
landslide susceptibility analysis as a complete inventory of past land-
slide events was reconstructed with dendrogeomorphic techniques
(Corominas and Moya, 2008).

However, it is based on the Poisson probability model which
among others assumptions are: (i) the number of events which
occur in one time interval or region of space are independent of the
number that occurs in any other disjoint time interval or region;
(ii) the probability distribution of the number of events remains the
same for all time intervals of a fixed length. In reality, most hazardous
events, including landslides, are probably not independent and do not
occur at random (Coe et al., 2000). For example, the reactivation of a
landslide may make the landslide more or less susceptible to future
landslides, thus creating stability or instability in the future. Also,
changing land use, local changing climatic conditions or implementa-
tion of landslide mitigation measure may consequently make the
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occurrence of landslides more or less likely in the future (Chleborad
et al., 2006). Nevertheless, the Poisson model is often used when no
information other than the mean rate of event occurrence is known.
Under such circumstances, the Poisson model provides a good first-
cut estimate for the probability of event occurrence in the future
(Coe et al., 2000).
6. Conclusion

Because of increased activity in mountain areas, it has become im-
perative to improve landslide forecasting at the local scale, which is cur-
rently difficult using statistical analysis or physically-based models. In
this study, we demonstrate the potential of extensive dendrogeo-
morphic analyses to add substantially to the spatiotemporal record of
landslides at a study site. In addition, dendrogeomorphic data have
also been shown to add very accurate evidence to the extent of past
reactivation and could efficiently complement other conventional
methods. For land use planning, the identification of endangered areas
is of paramount, importance and dendrogeomorphic mapping should
therefore be used systematically for hazard zoning in forested areas af-
fected by shallow landslides. Finally, if coupled with a Poisson model,
dendrogeomorphic mapping can improve our knowledge about the
probability of reactivation. These probabilitymaps should be used for di-
saster prevention and generation of riskmaps, aswell as for the detailed
design phase of engineering works and for the construction of slope sta-
bilization works.
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