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a b s t r a c t
Past debris-ﬂow activity in the Birchbach torrent (Swiss Alps) was assessed using tree-ring data. Based on
the analysis of 210 Larix decidua and Picea abies, 50 events were reconstructed for the period AD 1752–2006.
On average, 3.2 events per decade occurred in the torrent during the last century with distinct differences
between the decades and a considerable decrease in the number of events during the last decade.
Comparison with debris-ﬂow reconstructions in neighboring catchments provided more insight in the
similarities and differences in debris-ﬂow occurrence. The recurrent debris-ﬂow activity and current
geomorphic settings suggest that the occurrence of debris ﬂows in the torrent is rather transport-limited
than supply-limited. Therefore, future investigations on debris-ﬂow occurrence in transport-limited basins
should focus on triggering rainfall events.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The evolution of high mountain environments is closely related to
meteorological trends and to climatic changes in general (Becker and
Bugmann, 2001; Beniston, 2003). Alpine landscapes change rapidly as
a result of slope dynamics, mainly through weather- and climatedependent processes such as debris ﬂows. Sediment supply and
channel recharge rates are important factors controlling debris-ﬂow
entrainment (Bovis and Jakob, 1999). Where sediment sources are
readily accessible, debris ﬂows represent important geomorphic
agents in steep mountain terrains (Passmore et al., 2008) with
varying occurrences over time. The release of debris ﬂows is in general
closely related to triggering meteorological events (e.g. Caine, 1980;
Guzzetti et al., 2008). Recent reviews have highlighted the importance
of precipitation intensity and temperature for the release of debris
ﬂows (Deganutti et al., 2000; Saemundsson et al., 2003; Chen, 2006).
There is currently much debate about future changes in the
intensity and frequency of rainfall events under a changing climate.
Some studies suggest that current global warming will in some cases
increase the frequency of extreme precipitation events (e.g. Fowler
and Hennessy, 1995; Easterling et al., 2000; Fowler and Kilsby, 2003).
Furthermore, temperatures seem to rise more signiﬁcantly in alpine
regions where the warming appears to inﬂuence permafrost bodies
and therefore has a direct inﬂuence on material cohesion and slope
stability (Zimmermann and Haeberli, 1992; Jomelli et al., 2004;
Chiarle et al., 2007). Regarding all these potential future evolutions of
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climate and sediment availability, we would need to assume that
there will be an increase in frequency and intensity of mass
movements as several authors suggest (Frei et al., 1998; Beniston
and Stephenson, 2004; Christensen and Christensen, 2004).
However, before making any predictions on the future evolution of
debris-ﬂow occurrence, there is a pressing need to better understand
the changes in past and contemporary debris-ﬂow activity (VanDine
and Bovis, 2002). Even though debris ﬂows occur repeatedly in
mountain areas and even though they represent a major hazard to
infrastructure, data on their past occurrence remains generally very
scarce.
Therefore, it is the aim of this paper to assess past debris-ﬂow
frequency in an alpine catchment in order to help the understanding
of possible future changes. To do so, geomorphic features of past
debris ﬂows were mapped and trees affected by past activity were
sampled. We report on results obtained from 210 heavily affected
trees sampled on the cone of the Birchbach torrent, Zermatt Valley,
Swiss Alps.
2. Regional setting
The Birchbach torrent (46°07′N; 7°47′E) is located on the west
facing slopes of the inner-alpine Zermatt valley, Southern Switzerland
(Fig. 1). Its catchment area is dominated by glaciers and periglacial
environments including permafrost bodies where the torrent takes its
source. The geology of the area is dominated by gneisses of Permian
age (Labhart, 2004). Glacial activity and the climatic conditions of the
study area which are characterized by low temperature, snow
precipitation and a high annual and day-time thermal range, favor
the activity of the morphogenetic processes related to cycles of
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Fig. 1. The study site is located in the Zermatt Valley in Southern Switzerland, approximately 2 km south of the village of Randa. The catchment area of the Birchbach torrent extends
from the cone apex at 1440 m asl to nearly 4300 m asl and is dominated by the Hohberg glacier.

freezing and thawing. Therefore, loose material for the initiation of
debris ﬂows is readily available and the steep topography (mean slope
angle: 25°) abets the transport through the channel to the cone. The
debris-ﬂow cone is situated where the torrent reaches the valley ﬂoor
and extends from 1440 to 1300 m asl. The approximate size of the
cone amounts to 20 ha whereof half is covered with forest mainly
composed of European larch (Larix decidua Mill.) and Norway spruce
(Picea abies (L.) Karst.). In the forested sector, deposits of past debrisﬂow activity are visible on the current-day cone surface. Within this
study, an area of 6 ha has been investigated where deposits can still be
discerned and where trees were obviously inﬂuenced by past debrisﬂow activity. Sectors with the apparent inﬂuence by other geomorphic or intense anthropogenic activity were disregarded for analysis.
Archival data on past debris-ﬂow events depict events in 1898, 1926,
1966, 1989, 1998 and 2000 (WSL, 2007).

counted and ring-width measured. Individual growth curves were
then compared to a local reference chronology (Cook and Kairiukstis,
1990; Vaganov et al., 2006) in order to identify missing or false rings
(Schweingruber, 1996). Growth disturbances (GD), such as injuries,
callus tissue, tangential rows of traumatic resin ducts (TRD), abrupt
growth suppression or release and compression wood were noted.
Finally, master plots outlining the number of damaged trees per
year were created to separate noise from signal. For all years where a
signal was identiﬁed, maps representing the spatial distribution of
trees with GD were produced. For the dating of deposits, the last
disturbing event in the tree-ring series of a tree associated with a
certain deposit was considered. For deposits where no trees with GD
could be analyzed, the age of the oldest successor tree was determined
to approximate the minimum age of the deposit (Shroder, 1980;
McCarthy et al., 1991; McCarthy and Luckman, 1993; Bollschweiler
et al., 2008).

3. Materials and methods
4. Results
All forms related to debris-ﬂow activity on the cone surface were
mapped in a scale of 1:1000. Based on this geomorphic map, trees
showing obvious signs of inﬂuence by debris ﬂows were sampled.
Selected trees showed evidence of former activity such as injuries,
burial of the stem base, inclination of the trunk or decapitation (Stoffel
and Bollschweiler, 2008, 2009). In general, two cores per tree were
extracted using increment borer. One sample was taken in the
direction of the impact, the other one on the opposite side of the stem.
Position of sampled trees was precisely marked on the geomorphic
map. In total, 210 trees (201 L. decidua, 9 P. abies) have been sampled
for analysis.
Samples were then prepared and analyzed using standard
dendrogeomorphic methods (Stoffel and Bollschweiler, 2008, 2009).
Individual preparation steps included mounting of the samples on
woody support, drying and sanding. Afterwards, tree rings were

4.1. Debris-ﬂow features
On the cone surface, an area of approximately 9 ha has been
mapped covering the sectors with distinct signs and features of past
debris-ﬂow activity. In the investigated sector, a total of ﬁve
previously active debris-ﬂow channels, 37 segments of levees and
33 debris-ﬂow lobes were identiﬁed and mapped.
Block sizes normally remained below 0.5 m diameter with
individual boulders showing sizes of up to 2 m. Features were more
pronounced and offered generally bigger block sizes at the cone apex
than further down on the cone. In the southern part of the cone,
material was rather deposited in the form of lobes whereas deposits in
the northern sector were rather levee-type. Previously active ﬂow
paths could only be identiﬁed in the northern sector.
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Table 1
Type of growth disturbances used for the dating of past debris-ﬂow events.
Type of growth disturbance

No.

%

Tangential rows of traumatic resin ducts (TRD)
Injury
Reaction wood
Growth release
Growth suppression
Callus growth
Total

256
35
31
11
9
4
346

74
10
9
3
3
1
100

4.2. Age distribution of sampled trees and growth disturbances
The mean tree age of the 210 sampled trees amounts to 109 years
(STDEV 75) with the oldest tree reaching sampling height in AD 1673.
The youngest tree, in contrast, showed only 16 tree rings. The age
distribution of trees reveals a period of intense colonization after
1910. Only one out of four trees is older than 100 years. Most of the
older trees are located at the cone apex. Two individual old trees were
sampled in the central part of the cone in a sector with trees of much
younger ages. The youngest trees were generally located at the
borders of the forested area.
In the tree-ring series of the trees analyzed, a total of 346 growth
disturbances (GD) related to past debris-ﬂow activity was identiﬁed
(Table 1). The most common reaction to debris ﬂows was the
formation of TRD with a proportion of 74% of all GD. Injuries (10%) and
reaction wood (9%) represent current reactions as well. In contrast,
abrupt growth suppression or release (3% each) and callus tissue (1%)
were signiﬁcantly less important GD for the dating of past debris ﬂows
at this study site.
4.3. Debris-ﬂow events and decadal frequency
The 346 GD identiﬁed in the tree-ring series of affected trees
allowed the dating of 50 debris ﬂows between 1752 and 2006. As can
be seen in Fig. 2, the dating of 28 of these events was based on copious
amounts of GD (represented with bold lines). In contrast, for the
events illustrated with dashed lines, there is good evidence for the
existence of events, but the reduced number of trees available for
analysis did not allow for them being considered events with equal
conﬁdence. Table 2 illustrates the number and percentage of trees
showing GD after the event.
The analysis of decadal variations in debris-ﬂow frequency at the
Birchbach torrent was limited to the past century where the number
of trees and data coverage is sufﬁcient. The mean number of events
per decade amounts to 3.2 with a range from 1 to a maximum of 5
events per decade. As can be seen in Fig. 3, where the number of

Table 2
Event years with number of reactions, number of trees present for reconstruction and
percentage of trees showing growth disturbances. Event years in bold represent events
with an important amount of trees showing growth disturbances whereas for events
indicated in italics evidence was more limited.
Event year

No. of reactions

No. of trees for reconstruction

% affected

2000
1998
1993
1990
1989
1988
1987
1984
1983
1980
1978
1972
1971
1970
1969
1968
1961
1959
1957
1952
1950
1949
1947
1945
1939
1937
1933
1926
1920
1917
1916
1911
1899
1880
1872
1864
1846
1842
1829
1826
1819
1815
1809
1805
1790
1778
1776
1764
1755
1752

8
40
9
11
8
16
5
6
6
11
15
7
9
12
8
5
9
7
28
17
4
4
12
13
5
6
8
5
4
10
2
7
2
3
1
1
4
3
2
1
1
1
1
2
2
1
1
1
1
1

210
210
210
210
209
209
209
209
209
209
206
198
197
197
197
195
190
187
186
178
172
171
165
160
140
135
130
92
72
66
65
59
58
47
45
40
37
37
35
35
34
34
32
31
30
29
28
25
21
21

3.8%
19.0%
4.3%
5.2%
3.8%
7.7%
2.4%
2.9%
2.9%
5.3%
7.3%
3.5%
4.6%
6.1%
4.1%
2.6%
4.7%
3.7%
15.1%
9.6%
2.3%
2.3%
7.3%
8.1%
3.6%
4.4%
6.2%
5.4%
5.6%
15.2%
3.1%
11.9%
3.4%
6.4%
2.2%
2.5%
10.8%
8.1%
5.7%
2.9%
2.9%
2.9%
3.1%
6.5%
6.7%
3.4%
3.57%
4.00%
4.76%
4.76%

Fig. 2. Reconstructed debris-ﬂow frequency for the Birchbach torrent. Solid lines represent events with an important amount of trees showing growth disturbances whereas for the
events indicated with a dashed line evidence was more limited.
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Fig. 3. Decadal frequency of past debris-ﬂow activity for the period 1907–2006 with an average of 3.2 events per decade.

Fig. 4. Geomorphic map of the debris-ﬂow cone with all deposits and the sampled trees. The ages of the dated deposits are indicated here per sector due to similarities in the ages
within the sectors.
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Fig. 5. Location of the Ritigraben and the Grosse Grabe torrents.

events per decade is represented as deviation from the mean,
variations between the decades are distinct. From the data, there
seems to be an increasing trend in the debris-ﬂow activity over the
reconstructed time period. However the last decade (1997–2006)
contradicts this trend with only one event recorded. The periods with
the most pronounced activity were 1967–1976 and 1987–1996 with
ﬁve events per period. In contrast, for the period 1927–1936, only one
event could be reconstructed.

4.4. Dating of deposits
Debris-ﬂow deposits present on the current-day cone surface were
dated using a combination of analysis of GD and minimum age dating.
Reconstructed ages of deposits proved to be of rather similar ages
within the investigated sectors with more pronounced differences
between the sectors (Fig. 4). The oldest features were deposited
before 1900 and are located at the cone apex on both sides of the
actual channel. An intense period of deposition seems to have
occurred between 1900 and 1930 with large parts of the currentday cone surface features being deposited during this lap of time. Only
two sectors did in contrast show ages of deposits younger than 1930.
Especially the lowermost sector on the southern side does not show
any signs of activity before the 1950s.

5. Discussion
In the study we report here, geomorphic mapping and dendrogeomorphic analyses of 210 L. decidua and P. abies trees have been
used to identify past debris-ﬂow activity on the cone of the Birchbach
torrent in the Zermatt valley (Valais, Switzerland). In total, the study
of the tree-ring records allowed reconstruction of 50 events for the
period AD 1752–2006.
The debris-ﬂow frequency presented in this study gives the
minimum number of debris-ﬂow events that occurred in this torrent
in the recent past. Smaller events remaining within the channel did
not affect trees and could therefore not be detected using dendrogeomorphic methods. Similarly, the length of the reconstruction was
limited by the number of old trees present on the cone. While there is
a very good record for the 20th century, sample depth decreases
considerably in the 19th century and even more in the 18th century
with only 10% of the trees dating back to the 18th century.
Nevertheless, the reconstruction showed that debris ﬂows have
been very common at Birchbach during the past centuries.
As sample depth was rather limited for the period before 1900, we
focused on the 20th century for the analysis of decadal variations in
debris-ﬂow occurrence. The frequency reveals decades with increased
activity as well as decades with rather limited activity as for example
between 1997 and 2006. The limited number of events in this last
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decade can be explained by two different factors. Firstly, intensive
rainfall events were rather scarce during the debris-ﬂow season
(Schmidli and Frei, 2005) and therefore prevented the release of
events. Secondly, stabilization works and artiﬁcial incision of the
channel resulted in small number of events leaving the channel and
affecting the trees on the cone. In contrast, there is evidence for
increased debris-ﬂow activity before the mid-1990s. However, as the
reconstruction is biased through the availability of tree rings and as it
primarily covers the past century, it would be precarious to suggest
any direct dependency of debris-ﬂow activity from global climate
change. Similarly, increased debris-ﬂow activity at the end of the Little
Ice Age (1570–1900; (Grove, 2004) as suggested for instance by
(Strunk, 1991; Van Steijn, 1996; Stoffel et al., 2008) cannot be
conﬁrmed in this study.
On average, we identify a mean of 3.2 events per decade (1907–
2006) for the 20th century. Other torrents in the same valley seem to
produce comparable debris-ﬂow frequencies (Fig. 5). Bollschweiler
et al. (2008) report on an average of 3.1 events per decade for the
Grosse Grabe torrent located 4 km north of the Birchbach for the
period 1906–2005. Similarly, Stoffel et al. (2008) reconstructed an
average of 4.1 events per decade (1906–2005) for the Ritigraben
torrent located 7 km further north in the same valley. The less
important activity of the Birchbach torrent can be explained by the
fact that there exists – in contrast to the Ritigraben torrent – a well
deﬁned channel that did not change its trajectory during the
investigated time period. Therefore, smaller events did most likely
stay inside the channel.
Decadal frequencies for all three torrents are given in Fig. 6.
Similarity in debris-ﬂow frequency for the three torrents can mainly
be observed at the beginning of the investigated time period where
activity was below average as well as towards the end of the record
when debris-ﬂow frequency declined in all three torrents. Similarly, the
increased frequency in the mid-20th century is visible – to different
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extents – in all torrents. In contrast, the period of largely increased
activity at Ritigraben and Grosse Grabe between 1917 and 1936 is not
visible in the Birchbach. In Fig. 6, data on decadal means of precipitation
totals for the periods April to October shows that the decrease in debrisﬂow activity over the last decade is closely related to a decrease in
rainfall totals.
Temperature and precipitation changes, as projected for a future
greenhouse climate (Easterling et al., 2000; Fowler and Kilsby, 2003),
could affect the entrainment of debris ﬂows in various manners.
Increasing temperatures might cause glacier retreat and destabilization of permafrost bodies providing considerable amounts of loose
material to the departure zones of debris ﬂows. Similarly, higher
temperatures in spring and autumn could prolong the debris-ﬂow
season as precipitation will fall in the form of rain instead of snow in
the catchment area. An increase in the number and severity of
extreme rainfall events could theoretically lead to an increased
number of debris-ﬂow incidences. However and as a number of
Regional Climate Models suggest a shift in the seasonality of extreme
events away from summer and towards autumn, climate change could
well result in a reduced number of events through the buffering effect
of snow (Schmidli and Frei, 2005; Beniston, 2006; Stoffel et al., 2008).
However and even though climate plays a crucial role in the
release of debris ﬂows, site-speciﬁc geomorphic aspects should not be
neglected. For the catchment investigated in this study, periods with
exceptionally high activity are observed e.g., between 1968 and 1972,
when at least one event occurred per year. As this accumulation of
events could not be observed in other torrents in the valley, we
believe that local geomorphic settings in the torrent or the catchment
area were responsible for this period of high activity. On one hand, the
glacier in the catchment area might have contributed to the release of
events through the outburst of water pockets (Evans and Clague,
1994). Local archives report on an outburst ﬂood in 1966 (WSL, 2007),
an event that could however not be identiﬁed in the tree-ring series.

Fig. 6. Decadal frequencies for the Ritigraben, Grosse Grabe and Birchbach torrents. Above the debris-ﬂow frequency, anomalies from mean decadal rainfall totals for the period April
to October are given.
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Most probably, the event remained within the predeﬁned channel and
did not affect trees on the cone. On the other hand, it is conceivable
that the channel bed was ﬁlled with material of earlier aggregation
events and that succeeding, possibly rather small, events therefore left
the channel and caused GD in the trees.
Reconstructed ages of deposits evinced to be of rather similar ages
within the sectors with more pronounced differences between the
sectors. The oldest events can be identiﬁed at the cone apex where the
forms have been deposited before 1900. It seems that these deposits
have then channelized the torrent, dislocating the depositional activity
of the torrent further downslope on the cone. Therefore, deposits in
the lower sectors are generally younger. In the northern part of the
cone, most deposits date from the period 1910–1930. In addition, tree
ages indicate a period of intense recolonization after the 1920s.
Therefore, we assume that either a major event or a phase with intense
activity must have cleared a previous forest stand and deposited large
parts of the forms during this period. In the tree-ring series, we can
identify a series of events between 1917 and 1920 testifying this
period of high activity period.
6. Conclusion
Tree-ring reconstructions of heavily affected trees on the cone of
the Bichbach torrent allowed the reconstruction of 50 debris-ﬂow
events between 1752 and 2006. The high activity of the torrent with a
mean of 3.2 events per decade for the last 100 years and the
geomorphic settings with an unlimited supply of loose material
suggest that the occurrence of debris ﬂows in the Birchbach torrent is
transport-limited and not supply-limited. Therefore, more investigations of past events and triggering mechanisms are needed to deﬁne
critical rainfall thresholds for the entrainment of debris ﬂows.
Acknowledgements
The authors would like to thank Dominique M. Schneuwly and
Oliver Hitz for their assistance in the ﬁeld and laboratory. Astrid
Leutwiler, Patrick Aeby, Estelle Arbellay, Romain Schlaeppy and the
participants of the Dendro-Seminar 2007 are warmly acknowledged
for their help in the ﬁeldwork. We are also indebted to the Service des
Forêts et du Paysage (SFP) and the Service des Routes et des Cours
d'Eau (SRCE), Canton of Valais (RUFINE project). This research has
been supported by a post-doctoral grant from the AXA Research Fund.
References
Becker, A., Bugmann, H., 2001. Global change and mountain regions — an IGBP initiative
for collaborative research. Global Change and Protected Areas 9, 3–9.
Beniston, M., 2003. Climatic change in mountain regions: a review of possible impacts.
Climatic Change 59 (1–2), 5–31.
Beniston, M., 2006. August 2005 intense rainfall event in Switzerland: not necessarily
an analog for strong convective events in a greenhouse climate. Geophysical
Research Letters 33 (5)10.1029/2005gl025573.
Beniston, M., Stephenson, D.B., 2004. Extreme climatic events and their evolution under
changing climatic conditions. Global and Planetary Change 44 (1–4), 1–9.
Bollschweiler, M., Stoffel, M., Schneuwly, D.M., 2008. Dynamics in debris-ﬂow activity
on a forested cone — a case study using different dendroecological approaches.
Catena 72 (1), 67–78.
Bovis, M.J., Jakob, M., 1999. The role of debris supply conditions in predicting debris
ﬂow activity. Earth Surface Processes and Landforms 24 (11), 1039–1054.

Caine, N., 1980. The rainfall intensity — duration control of shallow landslides and
debris ﬂows. Geograﬁska Annaler Series A-Physical Geography 62 (1–2), 23–27.
Chen, H.G., 2006. Controlling factors of hazardous debris ﬂow in Taiwan. Quaternary
International 147, 3–15.
Chiarle, M., Iannotti, S., Mortara, G., Deline, P., 2007. Recent debris ﬂow occurrences
associated with glaciers in the Alps. Global and Planetary Change 56 (1–2), 123–136.
Christensen, O.B., Christensen, J.H., 2004. Intensiﬁcation of extreme European summer
precipitation in a warmer climate. Global and Planetary Change 44 (1–4), 107–117.
Cook, E.R., Kairiukstis, L.A., 1990. Methods of dendrochronology — applications in the
environmental sciences. Kluwer, London.
Deganutti, A.M., Marchi, L., Arattano, M., 2000. Rainfall and debris-ﬂow occurrence in
the Moscardo basin (Italian Alps). Debris-Flow Hazards Mitigation: Mechanics,
Prediction, and Assessment 67–72.
Easterling, D.R., et al., 2000. Climate extremes: Observations, modeling, and impacts.
Science 289 (5487), 2068–2074.
Evans, S.G., Clague, J.J., 1994. Recent climatic-change and catastrophic geomorphic
processes in mountain environments. Geomorphology 10 (1–4), 107–128.
Fowler, A.M., Hennessy, K.J., 1995. Potential impacts of global warming on the
frequency and magnitude of heavy precipitation. Natural Hazards 11 (3),
283–303.
Fowler, H.J., Kilsby, C.G., 2003. A regional frequency analysis of United Kingdom
extreme rainfall from 1961 to 2000. International Journal of Climatology 23 (11),
1313–1334.
Frei, C., Schar, C., Luthi, D., Davies, H.C., 1998. Heavy precipitation processes in a warmer
climate. Geophysical Research Letters 25 (9), 1431–1434.
Grove, J.M., 2004. Little Ice Ages: Ancient and Modern. Routledge, London.
Guzzetti, F., Peruccacci, S., Rossi, M., Stark, C.P., 2008. The rainfall intensity-duration
control of shallow landslides and debris ﬂows: an update. Landslides 5 (1),
3–17.
Jomelli, V., Pech, V.P., Chochillon, C., Brunstein, D., 2004. Geomorphic variations of
debris ﬂows and recent climatic change in the French Alps. Climatic Change 64 (1–
2), 77–102.
Labhart, T.P., 2004. Geologie der Schweiz. Ott Verlag, Thun.
McCarthy, D.P., Luckman, B.H., 1993. Estimating ecesis for tree-ring dating of moraines —
a comparative-study from the Canadian Cordillera. Arctic and Alpine Research 25
(1), 63–68.
McCarthy, D.P., Luckman, B.H., Kelly, P.E., 1991. Sampling height-age error correction
for spruce seedlings in glacial foreﬁelds, Canadian Cordillera. Arctic and Alpine
Research 23 (4), 451–455.
Passmore, D.G., et al., 2008. Late Holocene debris ﬂows and valley ﬂoor development in
the northern Zailiiskiy Alatau, Tien Shan mountains, Kazakhstan. Arctic Antarctic
and Alpine Research 40 (3), 548–560.
Saemundsson, T., Petursson, H.G., Decaulne, A., 2003. Triggering factors for rapid mass
movements in Iceland. Debris-Flow Hazards Mitigation: Mechanics, Prediction, and
Assessment, Vols. 1 and 2, pp. 167–178.
Schmidli, J., Frei, C., 2005. Trends of heavy precipitation and wet and dry spells in
Switzerland during the 20th century. International Journal of Climatology 25 (6),
753–771.
Schweingruber, F.H., 1996. Tree rings and environment. Dendroecology. Paul Haupt,
Bern, Stuttgart, Wien.
Shroder, J.F., 1980. Dendrogeomorphology; review and new dating techniques of treering dating. Progress in Physical Geography 4, 161–188.
Stoffel, M., Bollschweiler, M., 2008. Tree-ring analysis in natural hazards research — an
overview. Natural Hazards and Earth System Sciences 8 (2), 187–202.
Stoffel, M., Bollschweiler, M., 2009. What tree rings can tell about earth-surface
processes: teaching the principles of dendrogeomorphology. Geography Compass
3, 113–137.
Stoffel, M., Conus, D., Grichting, M.A., Lievre, I., Maitre, G., 2008. Unraveling the patterns
of late Holocene debris-ﬂow activity on a cone in the Swiss Alps: chronology,
environment and implications for the future. Global and Planetary Change 60 (3–
4), 222–234.
Strunk, H., 1991. Frequency distribution of debris ﬂow in the Alps since the “Little Ice
Age”. Zeitschrift für Geomorphologie 83, 71–81.
Vaganov, E.A., Hughes, M.K., Shashkin, A.V., 2006. Growth Dynamics of Conifer Tree
Rings. Springer, Berlin, Heidelberg, New York.
Van Steijn, H., 1996. Debris-ﬂow magnitude-frequency relationships for mountainous
regions of central and northwest Europe. Geomorphology 15 (3–4), 259–273.
VanDine, D.F., Bovis, M., 2002. History and goals of Canadian debris ﬂow research, a
review. Natural Hazards 26 (1), 69–82.
WSL, 2007. Archivdaten zu Murgängen im Wallis.
Zimmermann, M., Haeberli, W., 1992. Climatic-change and debris ﬂow activity in highmountain areas — a case-study in the Swiss Alps. Greenhouse-Impact on ColdClimate Ecosystems and Landscapes 22, 59–72.

