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ABSTRACT

In this contribution, past process activity is reconstructed on
seven landslide bodies of the Riou Bourdoux catchment (southeastern
French Alps). Based on an unusually dense data set of 3036 tree-ring
series extracted from 759 conifers, we provide evidence for 61 landslide
reactivations since A.D. 1898. Based on logistic regressions and thresh-
old analyses of monthly rainfall data and temperature anomalies, we
determine that the combination of snow-rich winters and positive
temperature anomalies in spring (enhanced snowmelt) seems to have
driven landslide reactivations in the past. Since the early 1990s, how-
ever, landslide reactivations clearly have been on the rise and thereby
exhibit excessive and unprecedented rates of activity (12.5 events per
10 yr) at the scale of the Riou Bourdoux catchment. From the data,
evidence exists for a shift from snowmelt-induced landslides (con-
trolled by winter precipitation) to reactivations controlled by spring
temperatures. Therefore, this contribution also adds evidence to the
hypothesis that climate change (and related warmer springs) could
further enhance landslide activity in the course of the 21* century.

INTRODUCTION

Slope stability, and hence landslide activity, is primarily controlled
by groundwater and fluctuations in pore-water pressure (Dehn et al.,
2000). An increase in rainfall may thus affect hillslope stability through
dynamic loads during high-intensity rainstorms, slope undercutting, or
redistributions of topography-induced stresses in rock slopes (Ballantyne,
2002). In this context, landslides are a process with causal links to climate
change, primarily through precipitation, but in some cases also through
temperature (Huggel et al., 2012).

Nevertheless, research into the detection of changes in landslide
activity over the past several decades of observed atmospheric warming
as well as the identification of factors controlling climate-driven changes
in landslide magnitude and frequency remain rather scarce (Huggel et al.,
2012). For the Central Swiss Alps, for instance, Meusburger and Alewell
(2009) reported an increase of landslide events due to an increase of
intense torrential rainfalls since the 1960s. At the same time, however,
Hilker et al. (2009) reported no significant change of process activity for
all of Switzerland. For the Italian Alps, archival records show an increase
of landslide activity since the mid—19™ century, but this change might be
related to both a greater availability of historical data and changing vul-
nerability in increasingly urbanized areas (Tropeano and Turconi, 2004).

As a result, despite frequent and repeated landslide occurrence in
mountain and hillslope environments, unambiguous data on past and con-
temporary landslide activities remains generally scarce, which in turn ren-
ders the understanding of process dynamics, triggers, and predictions of
landslide activity difficult. On forested landslides, archival records can be
supplemented with dendrogeomorphic techniques (Stoffel and Bollsch-
weiler, 2008), in particular on shallow landslides where small displace-
ment amplitudes and low velocities affect but not necessarily kill trees
during reactivation phases. Evidence of reactivations will be conserved
in tree morphology in the form of candelabra growth, tilted or S-shaped
stems, impact scars, or root breakage. In addition, growth disturbances are
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recorded in the tree-ring series (Stoffel and Bollschweiler, 2008), which
in turn allow reconstruction of landslide histories on sites where long and
extensive time series of events are lacking.

This paper therefore aims to reconstruct the history of landslides for
a region of the French Alps and to understand the reasons and drivers of
change. Landslide frequency is reconstructed from a unique data set of 3036
tree-ring series gathered from seven shallow landslide bodies. The resulting
reconstruction is contrasted with climate data to detect triggers and thresh-
olds for landslide reactivations, before the impacts of temporal changes in
the occurrence of triggers as well as possible impacts of expected climatic
changes on the incidence on future landslide activity are discussed.

REGIONAL SETTING

The region chosen for the analysis of past landslide reactivations
is the Riou Bourdoux (RB) catchment (Barcelonnette Basin, Alpes de
Haute-Provence, France; Fig. 1). The catchment has an area of 24 km?
and ranges from 1100 to 3000 m above sea level (asl). Bedrock consists
of Callovo-Oxfordian black marls in the lower part and Eocene flyschs
further upslope (Lopez Saez et al., 2012a). Both units are covered with
1.5-9-m-thick ground-moraine deposits, thereby rendering the area even
more vulnerable to mass-movement activity. Under dry conditions, black
marls are relatively stable and can absorb large quantities of water, but
they soften considerably when wet (Antoine, 1995). The discontinui-
ties between black marls and the morainic deposits favored the forma-
tion of seven shallow landslides in the RB catchment. Riou Bourdoux
landslides are characterized by rigid, rotational landslide scarps, and turn
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Figure 1. Landslides of the Riou Bourdoux catchment (south-
eastern French Alps). Black square in inset shows area of
main figure. 1—Fraissinets; 2—Berger; 3—Replat; 4—Clé-
mence; 5—La Pare; 6—Pra Bellon; 7—Aiguettes. CH—Swit-
zerland; F—France; |—Italy; A—Austria.
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progressively into flow-type bodies characterized by lobes with concentric
ridges in the lower parts of the slope. A summary of landslide characteris-
tics is given in Table DR1 in the GSA Data Repository'.

Climate at RB is reflective of dry and mountainous Mediterranean
environments and shows strong interannual rainfall variability. Precipita-
tion at Barcelonnette (44°38'N, 6°65’E) is 707 mm yr' for A.D. 1928—
2010. Rainfall can be violent, with intensities >50 mm h-!, especially
during frequent summer storms. Melting of the snow cover that usually
persists between December and March often adds to the saturation and
runoff effect of heavy spring rainfalls (Flageollet et al., 1999). Mean
annual temperature is 7.5 °C with 130 d yr' of freezing. All landslides are
partially covered with forests (Pinus uncinata and Larix decidua).

The RB catchment has been considered the most hazardous hydrogeo-
morphic region of France and is known as a hotspot region for mass move-
ments (Lopez Saez et al., 2012a). Disasters have been documented since the
15" century when the area was completely void of forests. Forest restoration
activities in the catchment started in A.D. 1868, and >2000 dams and sills
have since been built for debris flow control in the main channels. Con-
versely, stabilization works have not been undertaken on the slopes (Del-
signe et al., 2006).

METHODS

Based on an outer inspection of the stems, tilted and buried trees
influenced by past landslide activity were sampled. In total, 3036 incre-
ment cores were sampled from 759 trees growing on the landslides
(Table DR1). Past activity was assessed for each site using standard den-
drogeomorphic techniques and via the assessment of characteristic growth
disturbances (i.e., compression wood, growth suppression, injuries) in the
tree-ring record (Stoffel and Bollschweiler, 2008; Fig. DR1 in the Data
Repository). For the dating of landslide reactivations, =5 growth distur-
bances and >10% of the sampled trees had to show strong evidence of
landsliding in the same year and in trees located within the same area of
the landslide body (Lopez Saez et al., 2012b). In addition, the intra-annual
position of compression wood was used to assess the seasonality of tilting
(Lopez Saez et al., 2012b). Landslide frequency was determined for each
site individually and for the RB catchment area.

Tree-ring records usually yield data on landslide reactivation, but
cannot provide information on the exact timing of landslide reactivation
(Corominas and Moya, 1999). For the analysis of landslide triggers, we
therefore neglected intense, short-lived rainfalls, and considered monthly
precipitation totals instead to ensure an appropriate level of resolution
for the correlations. Rainfall records since A.D. 1928 were obtained
from the station of Barcelonnette. Missing values (30%) for the periods
1890-1927 and 1928-2010 were obtained using (1) the MET (estimat-
ing missing meteorology data) routine of the Dendrochronology Program
Library (Holmes, 1994); (2) data from the neighboring stations of Lauzet
(44°25'N, 6°26’E, 1928-1990), Jausiers (44°25’'N, 6°43’E, 1963-2006),
Uvernet (44°21'N, 6°37E, 1932-2010), and Gap (44°33'N, 6°04’E,
1890-1998); and (3) six grid points (A.D. 1890-2003) of the bias-cor-
rected HISTALP database (Béhm et al., 2009). Correlation between the
Barcelonnette and HISTALP series is highly significant with values of
0.85-0.97 (Pearson’s coefficient).

The relation between climatic variables and landslides was explored
further using logistic regression to estimate the probability that the out-
come variable assumes a certain value rather than estimating the value
itself by fitting data to a logistic curve:

D;
(I-p,)’

logit(pi)z (1)

!GSA Data Repository item 2013169, Figures DRI and DR2, and Ta-
bles DR1-DR4, is available online at www.geosociety.org/pubs/ft2013.htm, or
on request from editing @ geosociety.org or Documents Secretary, GSA, P.O. Box
9140, Boulder, CO 80301, USA.

where p is the probability of a major landslide reactivation year for i years
(A.D. 1878-2010), modeled as a linear function:

IOgit(pi):Bo +BIX1j +"'+Bkaj’ (2)
where Xk is the k climatic factors used as regressors for year 7, 3 the
intercept, and P, the regression coefficients. The unknown parameter 3,
is usually estimated by maximum likelihood using a method common to
all generalized linear models.

Maximum daily, 3-day, monthly, and seasonal precipitation totals
were tested successfully as individual predictors. Analyses each time
included 16 months, covering June of the year preceding landsliding to
September of the year of landslide reactivation.

RESULTS

Growth Disturbances and Landslide Reactivations

The mean age of the 759 trees sampled is 92 yr (standard deviation =
18) and the reconstructed histories extend back to A.D. 1898 (Table DR1).
We focus on the period 1900-2010 for which most sites exhibit adequate
sample sizes (>25% of the trees available for analysis). A total of 996
growth disturbances were identified in the tree-ring series (66.4% growth
reduction, 33.6% compression wood, mainly concentrated in early wood;
Table DR?2), corresponding to 61 landslide reactivations in the RB catch-
ment in 35 different years between 1890 and 2010 (Fig. 2A). The larg-
est number of reactivations was observed in 1979 and 2004 (5 events
each), 2001 (4) and 1990, 1996, and 1998 (3; Fig. 2B). At the decadal
scale (Fig. 2C), 5.08 reactivations are recorded on average over the period
covered by the tree-ring record. Above-average activity occurred in 1910—
1919 (8 events), 1970-1979 (9), 1990-1999 (12), and 2000-2009 (13),
and very limited landslide activity is observed for 1890-1899, 1900-1909,
1920-1929, and 1950-1959 with only one reactivation each. At the cen-
tennial scale a significant increase in landslide frequency is seen since the
early 1990s. Whereas 23 landslides occurred between 1890 and 1969 (2.9
events per 10 yr), 25 are recorded since 1990 (12.5 events per 10 yr).

Triggering Factors

The crucial role of DJEM (December, January, February, March)
precipitation in landslide triggering (Table DR3A) is best explained with
the logistic regression model (after backward elimination):

logit(p,) =B, + B, (DJEM precipitation), 3)
and gives parameter estimates of 3, = —2.78984 and B, = 0.009164
(Fig. DR2). The likelihood ratio test, significant at p > 0.001, suggests that
the logit model is better than a null model and that it correctly predicts
landslide triggering probability. The probability of a landslide reactivation
is 50% for 318 mm and 80% for 450 mm of DJFM precipitation. Agree-
ment can be improved further if spring (March, April, and May; hereaf-
ter MAM) temperature (Tables DR3B, DR4, and DRS) is included in the
logistic regression model as
logit(p,) =P, + B, (DIFM precipitation) + B, [£(MAM) temperature], (4)
with parameter estimates of 3, = =3.929011, B, = 0.012604, and B, =
0.110701, meaning that probability of a landslide reactivation increases
by 0.019 per 1 mm increase in mean DJFM precipitation and 0.22 for a
1 °C increase in mean MAM temperatures. Much less significant rela-
tions are observed with maximum daily and 3-day precipitation totals
(Tables DR3C and DR3D).

Table 1 compares yearly numbers of landslide reactivations with
exceedance of DJFM precipitation and MAM temperature thresholds,
illustrating that three out of four years (1936, 1977, and 1979) with DJFM
precipitation totals >400 mm have caused a total of nine landslides. Simi-
larly, 14 out of 20 years with DJFM precipitation >300 mm resulted in
reactivations (26 landslides total; 43%). Conversely, four landslides were
observed following dry winters with <100 mm of precipitation (repre-
senting 15% of all winters since 1890; Table 2). Table 1 also reveals the
impact of positive temperature anomalies, with 41 out of 61 landslides
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TABLE 1. DISTRIBUTION OF LANDSLIDE REACTIVATIONS AS FUNCTION OF
PRECIPITATION AND TEMPERATURE THRESHOLDS

TABLE 2. DISTRIBUTION OF YEARS AS FUNCTION OF PRECIPITATION AND
TEMPERATURE THRESHOLDS

DJFM precipitation MAM temperature anomalies (°C)

DJFM precipitation MAM temperature anomalies (°C)

(mm) (mm)

—-2°to-1° -1°to0° 0°to1° 1°to2° 2°to3° -2°to-1° -1°to0° 0°to1° 1°to2° 2°t03°
0-100 0 1 2(2) 1 0 0-100 0 9 (7.6) 7 (5.9) 2(1.7) 0
100-200 0 0 6 (2) 6 (3) 1 100-200 3(2.5) 15(12.7) 16(13.5) 10(8.4) 1(0.8)
200-300 1 3(2) 9 (5) 4 (2) 1 200-300 4(3.4) 14(11.9) 11(9.3) 5(4.2) 1(0.8)
300-400 1 9 (6) 3(3) 4 (1) 0 300-400 1(0.8) 9 (7.6) 5(4.2) 1(0.8) 0
400-500 0 5(1) 4(2) 0 0 400-500 0 2(1.7) 2(1.7) 0 0

Note: Based on specific DJFM (December, January, February, March) precipita-
tion totals and MAM (March, April, May) temperature thresholds (bold). Period of
observation is A.D. 1890-2010. Numbers in parentheses indicate the total number
of years during which reactivations occurred at the Riou Bourdoux catchment scale.

Note: DdOFM—December, January, February, March; MAM—March, April,
May. Period of observation is A.D. 1890-2010. Absolute and relative values
(pecentage of years as a funciton of precipitation and temperature thresholds
during A.D. 1890-2010) are given in bold and in parentheses, respectively.

recorded in years with positive MAM temperature anomalies. In addition,
27 landslides occurred in years with DJFM precipitation ranging from 100
to 300 mm (68% of all springs; Table 2) and positive MAM temperature
anomalies. For the same range of DJFM precipitation, only 2 out of 36
years with negative MAM temperature anomalies caused landslides.

DISCUSSION AND CONCLUSIONS

Dendrogeomorphic Analyses

Tree-ring data from 3036 increment cores suggest a significant
increase in the number of landslide reactivations since the early 1990s.
Due to the large sample size present for the entire period covered by the
reconstruction (>25% of the sample or 760 cores in 1900; 100% in 2010)
and the multi-site approach, the increase in landslide activity cannot be
related to restrictions that are frequently inherent to dendrogeomorphic
studies, such as changing sample size, difficulties of a tree in recovering
from initial tilting, weak reactivations causing only limited damage in a
few trees, or, on the other hand, very destructive events leaving very few
surviving trees (Lopez Saez et al., 2012b). Fluctuations in the frequency of
events are thus thought to be only reflective of natural conditions leading
to landslide occurrence at the catchment scale.

Meteorological data covering >120 yr indicate the probability of
a landslide occurring is strongly related with December and/or DJFM
precipitation totals. In contrast, significant correlation are nonexistent
with maximum daily and 3-day precipitation totals, which is in line with
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previous findings in the region (Ubaye Valley; von Asch and Buma, 1997).
The logistic regression and threshold analysis also reveal the crucial role
of MAM temperature, as high frequencies of reactivations are observed
in springs with positive temperature anomalies, whereas only two reac-
tivations occurred after cold springs. We therefore hypothesize that the
combined effect of abundant DJFM precipitation and increased snowmelt
represented the main triggers of landslides at RB in the past. This hypoth-
esis is underpinned by the mean altitude of the landslide areas and mean
nivometric coefficients in the wider study region (20%—86% in April at
1700 m asl). In addition, snowmelt has been reported to be the main trig-
ger for landslide reactivations for other sites of the European Alps (e.g.,
Flageollet et al., 1999; Jongmans et al., 2009), and has been recognized
as the main cause of a few well-documented events at the RB catchment.
The 26 May 1971 landslides at Pra Bellon and Aiguettes (Lopez Saez et
al., 2012a), for instance, occurred after a snow-rich winter and a very wet
spring (265.5 mm between 14 March and 26 May), and the La Valette land-
slide in March 1982 is acknowledged to have been caused by heavy spring
precipitations falling on a melting snow cover (Flageollet et al., 1999).

Climate Change Implications

At the multi-annual scale, increasing landslide frequencies in 1911—
1917 (7 events), 1934-1936 (4), 1960-1963 (4), and 1977-1979 (7) coin-
cide with wet winters in the region (Fig. 3), whereas dry winters in 1905—
1910 (0 events), 1922-1933 (0), and 1942—-1955 (2) are characterized by
very limited landslide activity. The sharp increase in landslide activity
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after 1990 (12.5 events per 10 yr), by contrast, is not apparently driven by
DJFM precipitation totals (Fig. 3) or snow-cover duration (Durand et al.,
2009), but clearly reflective of the unprecedented and sustained increase
(~1°C) of MAM temperatures since the late 1980s. We therefore conclude
that the largely positive anomalies of recent MAM temperatures would
have altered the snow-to-rain ratio which would in turn have affected the
timing of the critical snowmelt period (Stewart, 2009), thereby leading to
more frequent reactivations of shallow spring landslides in the RB catch-
ment. Our results agree with observations in mountain regions, where the
ever-increasing occurrence of large landslides (Huggel et al., 2012) has
been suggested to be affected by climate change as well. Furthermore, the
large and unprecedented increase in landslide frequency at RB is clearly
synchronous with positive spring (MAM) temperature anomalies, but no
longer controlled by DJFM precipitation totals.

The observed increase in snowmelt-driven landslide reactivations, as
observed since the early 1990s, is linked quite clearly to ever-increasing
spring temperatures and the rapid melt of the winter snow cover. Based on
the data of different emission scenarios (B1, A1B, and A2) of the Inter-
governmental Panel on Climate Change (IPCC), spring temperatures in
the Ubaye Valley (1800 m reference elevation) are expected to increase
by 1.4-1.7 °C and 2.3-4.3 °C for the periods A.D. 2021-2050 and 2071-
2100, respectively (Rousselot et al., 2012), which in turn will lead to a
diminution of the snow water equivalent by 38%—60% and 62%-92%
by A.D. 2050 and 2100. In the case of SRES scenario B1, the moderate
diminution of the snow cover will likely result in more frequent landslide
reactivations by 2050. By the end of the century, however, climate change
might ultimately cause a diminution if not complete disappearance of a
permanent snow cover at 1800 m asl (predicted in all SRES scenarios),
adding further support to an expected ongoing increase in occurrence of
large landslides for the decades to come. At the same time, however, the
expected disappearance of the winter snow cover in the source areas of
landslides toward the end of the 21* century could ultimately bring the
frequency of landslides back to pre-1990 levels.
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