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New records of Holocene landslide activity in the Western and
Eastern Swiss Alps: Implication of climate and vegetation changes

FLORENCE DAPPLES!, DANIEL OswALD!, HUGO RAETZ0O?, TOMASO LARDELLI® & PETER ZWAHLEN*
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ABSTRACT

This paper presents a new chronology of landslide events during the Late-
Glacial and the Holocene. inferred from several landslides located in the
Western and Eastern Swiss Alps. Five periods of enhanced landsliding are ev-
idenced during the Holocene. namely 11°500-10250, 6°250-4°800, 3°500-2"100,
1'700-1°150 and 750-300 calibrated years BP. Such periods can be related to a
significant deterioration of the climatic conditions, as well as major changes in
the vegetation cover. Compared with climate-related processes. such as glacier
fluctuations. solifluction and humidity index, the landslide chronology can be
associated with periods of more cold and humid conditions. Apart from cli-
matic influence. Holocene landslide activity occurs together with synchronous
vegetation changes. such as human-induced deforestation, as evidenced in the
Western Swiss Alps. Climatic changes. vegetation fluctuations and anthro-
pogenic impacts can, therefore, be considered as major factors that con-
tributed to increase landslide susceptibility in the Alps during the Holocene.

RESUME

De nouvelles données sur 'activité des glissements de terrain durant le Tardi-
Glaciaire et I'Holocene sont présentées dans cet article. Les données provien-
nent de nombreux glissements de terrain localisés dans les Alpes de Suisse oc-
cidentale et orientale. Cinq périodes d’activité de glissement accrue sont ré-
parties durant I'Holocene, a savoir 11'500-10"250, 6°250-4'800, 3°500-2100,
1°700-1°150 et 750-300 années calibrées BP. Ces périodes sont liées a des dété-
riorations des conditions climatiques, caractérisées par des phases climatiques
plus humides et plus froides. Parallelement aux influences climatiques, les aug-
mentations de l'activité de glissements de terrain sont également liées aux va-
riations du couvert végétal, en partie lies a la déforestation induite de I'an-
thropisation progressive des zones de montagne au cours des derniers 4’000
ans. Les changements climatiques, I'évolution de la végétation ainsi que I'im-
pact humain peuvent étre considérés comme des facteurs de premier ordre
ayant contribué a I'oscillation des fréquences des glissements de terrain dans
les Alpes durant I'Holocene.

1. Introduction

Landslides have lately raised much concern in Switzerland,
since various major landslide events have occurred during the
last decade, resulting in major landscape disturbances, as well
as costly damage to the infrastructure. Studies of past and pre-
sent landslide activity were carried out at the Institute of Geol-
ogy of the University of Fribourg, Switzerland, in order to de-
termine the dynamics of large landslides and their relationship
with climatic parameters (Dapples et al. 2001). The descrip-
tion and understanding of past landslide activities is a prere-
quisite for greater effectiveness of any present landslide surveys.
This paper aims to identify the periods of increased landslide
frequency during the Holocene, and intends to specify the rel-

ative role of key parameters such as climate and vegetation
changes and the anthropogenic impact as possible triggering
or conditioning factors of landslides.

Such interest for past landslide activity in the Fribourg Pre-
alps was initiated by Raetzo-Briilhart (1997), with a special
onset offered by the Falli Holli landslide major crisis in 1994.
Other analyses of historical landslide activity were carried out
at several sites in Switzerland, such as at Brattas — St-Moritz
(Schliichter 1988), Les Parchets (Schoneich et al. 1997) and La
Frasse (Noverraz et al. 1998), revealing the correlation be-
tween landslide activity and climate-induced phenomena such
as glacier oscillations and extreme precipitations. New records
of past landslide activity in the Fribourg Prealps are presented
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Fig. 1. Location of studied landslides in the Fribourg Prealps (1: Falli
Holli. 2: Hohberg, 3: Schlossisboden, 4: Piirrena. 5: Jaun, 6: Villarbeney). to-
gether with simplified tectonic context.

in this paper, together with data on vegetation changes and
Holocene climatic records. In order to enlarge the discussion
on past landslide processes, new Holocene data arising from
landslides in the Prittigau area (Graubiinden, Switzerland) are
presented as well, generating interesting comparisons of
Holocene landslides between the Western and Eastern Swiss
Alps.

2. Geographical and geological settings

2.1 Landslides in the Fribourg Prealps, Western Swiss Alps

The examined landslides are located in the Swiss Prealps, ex-
tending between the Lake of Gruyere in the West and the
Schwarzsee area in the East (Fig. 1). All landslides affect sur-
face Quaternary material, such as moraine, rockfall, debris
flow and alluvial deposits. Depths of sliding planes vary for
each landslide, for instance 37 m at Falli Holli and 18 m at the
Hohberg landslide. This originates specific dynamic behav-
iours for each site, such as rotational, translational or complex
slides. The high frequency of slope instability in the Fribourg
Prealps is related to specific geological features. Indeed, apart
from the Jaun landslide, each landslide presented in Figure 1 is
affected by a flysch substrate, either Ultrahelvétique Flysch for
the Villarbeney landslide or Gurnigel Flysch for the Falli Holli,
Hohberg, Schlossisboden and Piirrena landslides. Moreoever,
a narrow belt of flysch M¢lange is inserted between the
Préalpes Médianes and Gurnigel Nappes and originates the
gully morphology of the Hohberg landslide’s upper zone (Os-
wald & Dapples 2001). Flysch lithologies, characterized by var-
ious sandstone to claystone layers have initiated and continu-
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Fig. 2. Location of studied landslides in the Priittigau area (1: Gotschna,
2: Biiel, 3: Serneus. 4: Saas, 5: Furnertobel. 6: Seewiser Berg). together with
simplified tectonic context.

ously produced the loose surface material. The resulting high
content of silts and clays in the loose material matrix favours
the onset of landslides. Therefore, most of the prealpine land-
scapes concerned by a flysch substrate suffer from slope insta-
bility and often demonstrate that such landslide processes
started during the Late-Glacial and the ecarly Holocene
(Lateltin et al. 1997).

2.2 Landslides in the Prittigau area, Eastern Swiss Alps

The Prittigau valley (Fig. 2) is affected by numerous slope in-
stabilities (Noverraz et al. 1998) related to specific geological
conditions and the legacy of the glacial history. The bedrock is
characterized by Biindnerschiefer metamorphic schists and
Prittigauer Flysch. Such lithologies are thus favouring slope
instabilities in the overlying Quaternary, as mentioned for
landslide processes affecting the Fribourg Prealps. Most sliding
processes seem to have started as a consequence of slope de-
compression due to glacier retreat during the Late-Glacial
(Noverraz et al. 1998). The large landslides of Saas and
Gotschna are now still active, even though exposing landslide
areas with low slope angles of ca. 15-18°. Such movements are
generated by continuous underground water circulation at the
landslides toe.

3. Methods

Various dating methods help to establish the paleo-landslide
chronology. Radiocarbon dating and dendrochronology are ef-
ficient ways to date subfossil wood and paleosoils buried under
sliding slopes (Schoneich 1991; Johnson 1987). Both dating



methods were used to produce the data presented in this
paper. In addition, other techniques, such as lichenometry,
thermally ionising mass spectrometry and optically-stimulated-
luminescence, have recently improved the possibilities of re-
constructing past landslide dynamics (Lang et al. 1999).

3.1 Sampling

The collection of subfossil wood fragments and paleosoils
buried and preserved in landslide bodies depends on the possi-
bilities of prospecting and sampling. Such datable material can
be collected in various ways:

* Boreholes drilled in landslide material offer the best op-
portunity to find deeply buried samples, usually of very old
ages. Samples from a surface of sliding can reveal precious
information on the dynamics of the overlying sliding mass.

* Draining trenches expose surface material down to two
meter depth and may cover extended areas of a landslide
body through specific dendritic networks.

¢ Road restoration or stabilization also bring to light shallow
material.

e River embankments are periodically subject to fluvial ero-
sion, leading to a renewal of outcrops.

e Major landslide activity, like the Falli Holli catastrophe in
1994 (Raetzo-Briilhart 1997), leads to large scarp and crack
openings, exposing shallow and deeper material.

Collected samples need to be thoroughly described and sepa-
rately preserved to avoid any contamination that could distort
radiocarbon dating. Loose material wrapping the collected
samples must also be accurately described and analyzed in
order to facilitate the interpretation of datings in terms of
landslide events.

3.2 Dendrochronology

The analysis of annual rings of subfossil trees offers numerous
possibilities to reconstruct past landslide activity. With the
help of reference curves, absolute dating of tree samples can
be carried out and additional information can be obtained,
such as year or even season of tree death, tree age and species,
periods of destabilization during the life of the tree (Schoneich
1991), timespan between tree death and burial and preserva-
tion conditions. However, dendrochronological dating requires
specific conditions. Only well-preserved trees exposing a wide
range of tree-rings can be dendrochronologically analysed.
Moreover, the necessity of accurate reference curves for par-
ticular species and regions is a restricting factor to the use of
this method. Finally, the production of reaction wood, due to
tree tilting, does not facilitate the determination of accurate
wood sequences. All ten dendrochronological analyses of sub-
fossil tree samples presented in this paper were carried out at
the “Laboratoire Romand de Dendrochronologie™ in
Moudon, Switzerland.
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Fig. 3. Distribution of wood datings in the Fribourg Prealps and the
Prittigau area during the Late-Glacial and the Holocene. Crosses: dendro-
chronological datings: bars: radiocarbon datings with 26 error range. Grey
shading represents periods of increased landslide activity, exposing synchro-
nous records of slope instability on distinct sites. Location of landslides in
Figures I and 2.

3.3 Radiocarbon

The radiocarbon dating method is widely applied when dealing
with organic matter. Indeed, wood fragments or plant macro-
fossils can be dated through Accelerator Mass Spectrometry
(AMS) or Conventional Radiocarbon, according to sample
type and weight. Not much material is therefore needed, which
is very helpful when dealing with small wood fragments ex-
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tracted from a borehole, for instance. However, radiocarbon
dating is associated with unavoidable error ranges increasing
with sample age. Moreover, due to natural variations of C
production in the atmosphere (Stuiver et al. 1991), radiocar-
bon dates have to be corrected if compared with absolute den-
drochronological ages. The OxCal software (Bronk Ramsey
1995) was used to calibrate all *C dates, based on the “Int-
Cal98” calibration curve (Stuiver et al. 1998). Calibrated dates
are presented with 26 error and expressed as “cal BP”, 0 BP
representing 1950 AD.

A large number of samples were radiocarbon-dated, due
to restricted weight of sampled wood, thus preventing den-
drochronological analyses. 55 conventional radiocarbon dat-
ings were carried out in the “C Laboratory of the Institute of
Physics, University of Bern, Switzerland and 15 in the *C Lab-
oratory-ARCHEOLABS, St-Bonnet-de-Chavagne, France.
Finally, 5 small-size wood sample datings were performed
through AMS in the '“C Laboratory of the Institute of Particle
Physics, EidgenoessischeTechnische Hochschule, Ziirich,
Switzerland.

4. Results

4.1 Landslide events in the Fribourg Prealps

Figure 3 presents 59 radiocarbon and 10 dendrochronological
wood datings, collected from six distinct landslides located in
the Fribourg Prealps (Fig. 1). Most of the samples are from
Picea abies and Abies alba tree species. Dates are interpreted
in term of landslide events s.l., as described by Schoneich
(1991), trees being cut or laid down and incorporated into the
sliding mass. The presence of well-preserved bark on many
trees suggests a very rapid burial process following the death
of the tree, giving no chance for worms or bacteria to alter the
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tree structure. Such tree cutting and quick burial are promoted
by rapid and destructive processes such as rapid landslides
(flowslides) and debris flows.

The first signs of landslide activity in the Fribourg Prealps
appear during the Late-Glacial (Fig. 3) with three samples
older than 11°500 cal BP. The 66 other dates are heteroge-
neously distributed during the Holocene, with three samples
dated in the early Holocene, thirteen samples scattered be-
tween 7°200 and 3’900 cal BP, with a specific cluster of dates
between 6250 and 4’800 cal BP, and the remaining 50 dates
concentrated during the last 3°'500 cal years. A focus on this
recent period starting at 3’500 cal BP reveals three distinct pe-
riods of increased landslide activity between 3°500-2'100,
1'700-1"150 and 750-300 cal BP. The particularity of these peri-
ods is that records of landslide activity concern more than one
landslide at the same time. Indeed. synchronous increased
landslide frequency occurs on spatially-distinct landslides, like
the 3°500-2°100 cal BP period, exposing signs of landslide activ-
ity affecting five distinct landslides locations (Hohberg, Falli
Holli, Jaun, Piirrena and Schlossisboden; Fig. 1).

Figure 4 illustrates the distribution of wood datings on both
Hohberg and Falli Holli landslides. Owing to major investiga-
tive methods and remedial work such as boreholes and trench
drains recently carried out on both sites, 46 dates were deter-
mined from the Hohberg and Falli Holli landslides. Spatial
correlations could be carried out on each site. At the Falli
Holli landslide, the dates of 3°455 + 115 and 3°440 + 105 cal BP
reveal the presence of extensive movements affecting the cen-
tre part of the landslide in the mid-Subboreal. Similar observa-
tions at the Hohberg landslide reveal a concentration of six
dated events between 1°305 + 70 and 1'508 + 110 cal BP, sug-
gesting a dynamic activity spreading from the upper to the
lower part of the landslide body at the end of the Older Subai-
lantic. Such spatial distribution of landslide events illustrates
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the complex evolution of landslide dynamics through time. Re-
constitution of landslide history can be carried out for each
site, with a chronology and mapping of past events, as was
done by Schliichter (1988) in Brattas — St-Moritz and Schone-
ich (1991) in Les Parchets.

However, such dates have to be handled very cautiously.
Sampling of subfossil wood is highly dependent on prospecting
facilities and is, therefore, influenced by such prospection pos-
sibilities. Figure 5 illustrates the relationship between burial
depth and age of the 69 subfossil wood samples of the Fribourg
Prealps (Fig. 3). It clearly brings out that most subfossil tree
samples are found at shallow depths, especially in the 0-5m
depth range. This is due to favourable sample extraction from
shallow trench drains, while deeper wood samples, found in
boreholes, involve a higher random factor. The resulting high
concentration of young dated samples arising from the shallow
layers of a landslide body should therefore not be directly op-
posed to a “lack” of dated samples during the previous mil-
lenia. Dated events younger than 3’500 cal BP are sufficiently
numerous to give a fair representation of landslide activity in
the Fribourg Prealps during the late Holocene. While dated
events older than 3’500 cal BP, more scarce due to prospecting
constraints, allow a less accurate interpretation of landslide
frequency during the Late-Glacial and the early and middle
Holocene. Old events must however be integrated in such a
study of past landslide activity as signs revealing the occur-
rence of increased landsliding prior to 3’500 cal BP. Further
prospecting should be carried out to increase the amount of
“old™ material, in order to determine the distribution of land-
slide events during the Late-Glacial and the early and middle
Holocene.

4.2 Landslide events in the Prittigau area

New data on Holocene landslide events in the Prittigau area
are presented in Figure 3. They arise from various studies and

investigations recently carried out in the Prittigau valley.
Twelve wood samples were found by T. Lardelli in boreholes
on the Saas and Gotschna landslides (Fig. 2). These boreholes
were drilled as part of an engineering investigation due to the
project of the new Prittigau main road on the one hand, and
the Zugwald tunnel digging on the other hand. P. Zwahlen col-
lected wood samples from the Furnertobel and Seewiser Berg
during fieldwork associated to a mandate of Quaternary map-
ping of the Prittigau area, issued by the Federal Office for
Water and Geology in Bern, Switzerland. The sample Biiel
was found in a trench digged for the new Sunniberg bridge.
The wood material was burried in a small local rockfall mass.

Dated samples are distributed along the last 12’000 cal
years. A cluster of six dates from the Saas landslide and Biiel
rockfall gives evidence of considerable slope instabilities in the
early Holocene (Fig. 3). The Saas wood samples were found on
the bottom plane of the landslide body, between 33 and 115 m
depths, close to the underlying moraine. The dates could,
therefore, express the onset of major landslide movements
overlapping the moraine and its forested cover. Indeed, the
dated wood samples, found very often, in nearly every second
borehole, suggest the presence of forest-type vegetation
(Kobler 1994) settled on the moraine after glacier retreat, that
would have been cut down and integrated at the bottom of the
thick sliding mass. The remaining ten dates are spread along
the last 9°500 cal years, showing no additional clustering. How-
ever, the successive signals of landslide activity expressed by
the Gotschna data (Fig. 3) suggest recurrent reactivations af-
fecting distinct areas of the landslide. The 3 dates comprised
between 8’000 and 5°500 cal BP give evidence of active lands-
liding towards the present city of Klosters. In other words, dur-
ing this period, the northern part of the landslide was sliding
downward over valley-bottom fluvial deposits. On the other
hand, after 3’500 cal BP, recorded activity signals suggest a for-
ward extent of the southern part of the landslide above
moraine and fluvial deposits.

Holocene landslide activity in the Swiss Alps 5
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Prealps and the Prittigau area.

As mentionned with the Fribourg Prealps data, the small
number of collected samples on each landslide of the Préttigau
area provides good and interesting information on Holocene
landslide activity, but is not sufficient to statistically represent
an accurate record of such activity. More prospecting work
would improve an accurate landslide chronology of the Prétti-
gau area during the Holocene.

6 F. Dapples et al.

dity index (e) (-1: dry: 0: normal; +1: rainy; +2: very wet). periods of enhanced

aded rectangles represent periods of increased landslide activity in the Fribourg

5. Discussion

The chronology of increased landslide activity during the
Holocene, recorded in the Western and Eastern Swiss Alps,
must now be compared with the Holocene fluctuations of vari-
ous parameters such as climate, vegetation and anthropogenic
impact. Various data illustrating vegetation changes, anthro-



pogenic influence and climatic records during the Holocene
are illustrated in Figure 6, together with chronologies of land-
slide events both in the Fribourg Prealps as well as in the Prit-
tigau areas.

5.1 Comparison with Schwarzsee lake sediments

A first comparison is made between landslide events in the Fri-
bourg Prealps and vegetation changes recorded in the
Schwarzsee lacustrine sediments (Fig. 6 a — 6 ¢; Dapples et al.
2002). The analysis of lake sediments, and especially pollen
records, reveals a constant evolution of the lake environment
during the late Holocene. The curve reflecting the evolution of
upland and moist herb pollen fraction (Fig. 6 ¢) since 7°500 cal
BP reflects a trend of increasing herb pollen starting at about
3’700 cal BP. Such an increasing trend is associated with con-
tinuously decreasing tree cover, related to human-induced de-
forestation. Indeed, pollen records demonstrate that forested
areas surrounding Schwarzsee (Fig. 1) were progressively re-
placed by anthropogenic herb and cereal taxa, such as Planta-
go lanceolata-type, Urtica, Rumex acetosa-type and Cannabis.
The appearance or increase of such species is highly depen-
dent on the development of pastures and meadows (Dapples
et al. 2002). Six periods of increased human impact on the veg-
ctation in the Schwarzsee area are spread along the past 4’500
cal years (Fig. 6 d), recorded by large positive shifts of the herb
pollen fraction. Sustained deforestation during the past 3’700
cal years happens to correlate with the period of increased
landsliding starting at 3’500 cal BP. Changes in the vegetation
cover seem to have affected slope stability in the Fribourg Pre-
alps during the late Holocene. Indeed, forest clearing can ac-
celerate landsliding (Thornes 1997; Montgomery et al. 2000)
since tree cover contributes to mechanical stabilization of su-
perficial soil layers due to the presence of roots and favours
soil moisture depletion as a result of transpiration (Nilaweera
& Nutalaya 1999). The impact of vegetation cover on the ac-
tivity of deep landslides and hydrogeological processes can be
considered since deep landslide activity may be influenced by
shallow mass movements affecting their surface mass balance.
Water inputs, and therefore water circulation within landslide
bodies, can also vary as a result of fluctuations of the vegeta-
tion cover and shallow mass movements.

5.2 Comparison with Gerzensee water-level fluctuations

Apart from deforestation and anthropogenic influence on
Holocene landsliding, correlations can be established between
Holocene mass movements and climatic records. A humidity
index has been demonstrated by Ruch (2001) based on analy-
ses of pollen and mollusc assemblages and stable isotopes in
the Gerzensee lake (Fig. 6 e), located 30 km north-east of
Schwarzsee lake. This record illustrates humidity oscillations
since the Late-Glacial. The Holocene is divided in a succession
of periods of dry to very wet climatic conditions. The particu-
larly wet period between 3'800 and 0 cal BP is of great interest

since it corresponds with the period of increased landsliding in
the Fribourg Prealps. We can, therefore, assert, that beside a
distinct influence of vegetation changes, humidity variations,
related to precipitation fluctuations, have influenced slope sta-
bility during the Holocene. Precipitation rates are of major im-
portance concerning landslide dynamics (Dikau & Schrott
1999; Flageollet et al. 1999), and such a relationship is obvi-
ously exposed here covering the last 3'500 cal years and the
couple of centuries around 6'000 cal BP.

5.3 Comparison with alpine solifluction records

Additional climatic data arising from solifluction records in the
Eastern Swiss Alps (Gamper 1985) are presented in Figure 6f.
A dominant trend of solifluction characterizes the period of
time ranging from 4'100 to 600 cal BP, matching with increased
landsliding in the Fribourg Prealps. Moreover, a detailed ob-
servation of the solifluction phases reveals a good correlation
with two successive periods of increased landslide activity,
namely 3'500-2’100 and 1'700-1'150 cal BP, presenting a slight
advance of the solifluction response due to climatic changes
compared with the landslide response. According to Gamper
(1985), such increased solifluction activity is related to colder
and more humid summer seasons together with colder winter
seasons. This supports the correlation with the increased hu-
midity conditions of the Gerzensee. Increased landsliding can
therefore be correlated with periods of climate change to cold-
er and more humid conditions.

5.4 Comparison with glacier fluctuations

The correlation between increased landslide activity during pe-
riods of climate deterioration is also supported by records of
glacier fluctuations in the Swiss Alps (Maisch et al. 2000), as
presented in Figure 6 g. Glacier advances dominate between
5800 and 5’000 cal BP, as well as between 3'800 and 200 cal
BP, with only restricted shifts of the curve expressing glacier
retreat. Increased landsliding can thus be once more correlated
with synchronous signs of cold and humid climatic conditions.

5.5 Correlation of landslide activity in the Prdttigau area,
Eastern Swiss Alps

The chronology of landslide events in the Prittigau area re-
veals distinct trends during the Holocene. The cluster of dat-
ings between 11'S00 and 10'700 cal BP gives evidence of major
landslide activity that occurred at the end of the Younger
Dryas cold period. Such landslide activity is also recorded for
the same time in the Fribourg Prealps, more specifically on the
Hohberg and Schlossisboden landslides, which reveal signs of
slope instability between 11'900 and 10'200 cal BP. Four of the
younger dates arising from the Gotschna and Furnertobel
landslides also correlate with distinct periods of increased
landslide activity in the Fribourg Prealps. As mentioned be-
fore, additional dated events would improve the resolution of

Holocene landslide activity in the Swiss Alps 7



an event stratigraphy in the Fribourg Prealps and the Prittigau
area. But still, a distinct relationship can certainly be estab-
lished between Holocene landslide activity and parameters
such as climatic changes. vegetation fluctuations and anthro-
pogenic impact.

6. Conclusion

The records of historical landslide events presented in this
paper yield new conceptions of landslide processes and land-
slide conditioning factors. The relationship between landslides
and climate, namely more cold and humid conditions, has been
known and described long ago, and is once again evidenced in
this paper. But apart from climatic oscillations, this paper aims
to show that additional parameters play an important role in
landslide processes, such as vegetation changes and anthro-
pogenic influence. Vegetation history of the Schwarzsee area
demonstrates close connections with synchronous landslide ac-
tivity and must, therefore, be taken into consideration in the
determination of factors contributing to increase landslide
probability. The complex interactions between climate, vegeta-
tion and man prevent any hazard assessment on which factor
might have the strongest influence on landslide actvity. Every
climate deterioration and landscape denudation are likely to
affect slope stability negatively. The occurrence and the com-
bination of both parameters increase the probability of aug-
mented landslide occurrences. For instance, the global envi-
ronment alteration, starting at ca 3'800 cal BP, characterized
by simultaneous climate deterioration such as cooling and
moisture increase, as well as continuous human forest clear-
ance proves to have induced a major impact on slope stability.
Such results should be taken into account in the management
of present mass movements and slope instability. Water is a
crucial parameter ruling landslide processes, and water inputs
in a landslide highly depend on climate s.1., vegetation cover
and landuse. Therefore, efficient management of vegetation
cover and landuse should prevail in any landslide-prone area,
in order to reduce landslide occurrences.
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