
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Article scientifique Article 2024                                     Published version Open Access

This is the published version of the publication, made available in accordance with the publisher’s policy.

Rockfall from an increasingly unstable mountain slope driven by climate 

warming

Stoffel, Markus; Trappmann, Daniel; Coullie, Mattias Ian; Ballesteros Canovas, Juan Antonio; 

Corona, Christophe

How to cite

STOFFEL, Markus et al. Rockfall from an increasingly unstable mountain slope driven by climate 

warming. In: Nature geoscience, 2024, vol. 17, n° 3, p. 249–254. doi: 10.1038/s41561-024-01390-9

This publication URL: https://archive-ouverte.unige.ch//unige:177192

Publication DOI: 10.1038/s41561-024-01390-9

© The author(s). This work is licensed under a Creative Commons Attribution (CC BY 4.0) 

https://creativecommons.org/licenses/by/4.0

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch//unige:177192
https://doi.org/10.1038/s41561-024-01390-9
https://creativecommons.org/licenses/by/4.0


Nature Geoscience | Volume 17 | March 2024 | 249–254 249

nature geoscience

https://doi.org/10.1038/s41561-024-01390-9Article

Rockfall from an increasingly unstable 
mountain slope driven by climate warming

Markus Stoffel    1,2,3  , Daniel G. Trappmann1,4, Mattias I. Coullie1, 
Juan A. Ballesteros Cánovas    1,2,5 & Christophe Corona    1,6

Rockfall in high-mountain regions is thought to be changing due to 
accelerating climate warming and permafrost degradation, possibly 
resulting in enhanced activity and larger volumes involved in individual 
falls. Yet the systematic lack of long-term observations of rockfall largely 
hampers an in-depth assessment of how activity may have been altered by 
a warming climate. Here we compile a continuous time series from 1920 
to 2020 of periglacial rockfall activity using growth-ring records from 375 
trees damaged by past rockfall at Täschgufer (Swiss Alps). We show that the 
ongoing warming favours the release of rockfall and that changes in activity 
correlate significantly with summer air temperatures at interannual and 
decadal timescales. An initial increase in rockfall occurred in the late 1940s to 
early 1950s following early twentieth century warming. From the mid-1980s, 
activity reached new and hitherto unprecedented levels. This long-term 
record of rockfall activity can help to inform the design of vital mitigation 
and risk reduction measures in inhabited mountain environments.

Rockfall is among the processes that receive most attention in alpine 
areas by the general public due to its presumed intimate relation with 
permafrost1–3, which is found to be degrading widely in high-mountain 
environments4,5. Heatwaves in the Alps during 2003, 2015 and 2022 
caused spikes in rockfall incidents6, raising concerns about their desta-
bilizing effects on slopes7,8. Further climate warming and permafrost 
degradation are expected to worsen slope stability, endangering moun-
tain communities and transportation routes9.

Rockfall can involve various volumes, from individual boulders to 
rock avalanches10. Here we use the term to describe individual events 
consisting of single boulders or small rock masses (mostly <10 m3) 
released from a cliff or a steep slope to proceed downslope by free 
fall, bouncing along ballistic trajectories or rolling on talus slopes11. 
Most rockfall is triggered from bedrock along new or previously exist-
ing discontinuities12 by seismic shaking, snowmelt dynamics, pre-
cipitation, permafrost degradation or freeze–thaw conditions13. The 
complex nature of rockfall triggers makes it challenging to identify 
climate-related drivers.

Several authors suggest recent heatwaves have increased  
rockfall in the Alps, especially in areas with degrading permafrost2,3,14. 
Field evidence supports the assumption of enhanced permafrost 
degradation favouring the occurrence of rockfall15,16. However, the 
relationship between climate change, permafrost degradation 
and rockfall remains poorly understood due to limited long-term 
high-elevation climate data, the complexity of mountain terrain 
and the scarcity of systematic, multi-decadal rockfall records1,16,17.  
The difficulty lies, in part, in the paucity of high-elevation weather 
records and the limited performance of climate models in complex 
mountain terrain18,19 and also in the complex, or indirect, relation 
between slope instability and climate7. In addition, existing rockfall 
datasets tend to suffer from non-uniform observation rates20 and 
biases towards recent and larger rockfalls that caused damage to 
infrastructure21.

All these uncertainties have hitherto hindered efforts to quantify 
trends and model climate impacts in the cryosphere4. Here we examine 
the link between climate warming and annual rockfall rates over the 
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majority of GD (55%; n = 29) occurred during dormancy (1 October–15 
May; Fig. 2a). However, after 1970, the relative frequency of winter–spring 
rockfall decreased, with a noticeable increase in ‘warm-season’ rockfall 
(16 May–30 September; 51% of all injuries; n = 37; 37% of all GDs; n = 130). 
Whereas only 9% (n = 1) and 45% (n = 24) of all rockfall occurred in summer 
and early fall (that is, 16 May–30 September) before 1969, ‘warm-season’ 
activity has risen sharply to account for 49% (n = 35) and 63% (n = 225) 
after 1970 and even to 58% (n = 18) and 70% (n = 42) since 2010. Local poly-
nomial regressions fitted to Monte Carlo modelled days of rockfall occur-
rence (Fig. 2a) confirm this shift, which, according to quantile-based 
regression slopes and the Theil–Sen estimator (Methods), accounts for 
63–67 days for injuries and 42–43 days for GDs over the past century  
(Fig. 2b,c). This marked change in rockfall seasonality from dormancy 
(D) to early (EE) and mid-early wood (ME)—that is, mid-May to late June—
aligns with direct observations at the site and the occurrence of recent 
rockfall events in June (Fig. 1b); this shift can probably be ascribed to a 
shift from seasonal, near-surface freeze–thaw activity in winter and spring 
to recent and more enhanced permafrost instability at greater depths.

Accelerating climate warming propels rockfall 
activity
Mean annual rockfall impact counts show a sharp increase—from 4.76 
(1920–1940) to 31.23 (1990–2011)—over time. This increase is probably 
influenced by the growing number (from 88 to 375) and increasing size 
(from 7.98 to 87.19 m when summing all tree diameters at breast height, or 
DBH) of trees and their distribution across the slope by 2011. We sampled 
123 trees in 2021 to extend the record and obtain a mean annual rock-
fall count of seven (2012–2020) and a DBH sum of 20.32 m. To remove 
biases related to changing sample depth and target size, we calculated 
conditional impact probabilities (CIPs) to quantify the range of the slope 
covered by trees in any given year and to derive the likelihood of a rockfall 
passing the slope without impacting any sampled tree or—on the con-
trary—hitting multiple trees on its trajectory27,28. The CIP takes account 
of both forest (that is, stand density, tree position, tree diameter, forest 
stand structure) and rockfall (clast diameter) characteristics to yield 
realistic annual estimates (Methods) of past rockfall activity27.

past 100 years and suggest that permafrost degradation has indeed 
increased rockfall at a site in the Swiss Alps.

Seasonal changes in rockfall activity
We reconstruct a century (1920–2020) of rockfall activity by dendroge-
omorphic techniques to date rockfall damage inflicted on European 
larch (Larix decidua Mill.) trees22. The study site, Täschgufer (Swiss Alps, 
46° 4′ N, 7° 47′ E; Fig. 1a), experiences frequent rockfall from heavily disin-
tegrated gneissic outcrops23 striking SSW and dipping WNW with angles 
of 40–80°. The main source areas of rockfall (2,450–2,900 m above sea 
level (asl)) are at the limit between seasonal frost and permafrost envi-
ronments; the presence of permafrost has been confirmed locally24.

We sampled 375 L. decidua trees along a 177-m-wide transect at the 
forest fringe where trees intercept rockfall. Trees at the site are hit by 
rocks with median and mean volumes of 0.74 and 1.39 m3 (values based 
on 87 recent deposits). Smaller rock fragments are typically deposited 
upslope in the transit zone due to its substantial length (1,290 m) and 
the difference in elevation (770 m) between the source areas and the 
forest fringe (Fig. 1b).

Rockfall damages trees by causing injuries (Fig. 1c) that the tree will 
attempt to heal with chaotic callus tissue (Fig. 1d) and the formation of 
tangential rows of traumatic resin ducts (TRDs) within 7–10 days after 
an impact to protect the wood from pathogens25. These injuries and 
TRDs serve as reliable indicators for dating past rockfall22. If wound-
ing occurred during the growing season (which lasts from mid-May 
to late September at the study site26), past rockfall can be dated at 
sub-seasonal resolution22 (Methods).

Our analysis revealed 1,450 growth disturbances (GDs; that is, 
injuries and TRDs) caused by rockfall between 1835 and 2020. With a 
mean age of sampled L. decidua trees of 66 ± 37 years, we limit inter-
pretation of findings to the last 100 years (1920–2020) for which we  
have ≥88 trees and 1,357 GDs; of these, 408 GDs are dated with 
sub-seasonal precision.

On the basis of a Monte Carlo modelling approach of the intra-ring 
position of GDs, a shift in the seasonal occurrence of rockfall is observed 
(Fig. 2): between 1920 and 1969, almost all injuries (91%; n = 10) and a 

a b
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Fig. 1 | Rockfall activity from a slope affected by thawing permafrost can be 
recorded in trees growing at the forest fringe. a, Rockfall at Täschgufer (Swiss 
Alps) originates from heavily disintegrated, gneissic outcrops (inset) situated 
in permafrost-dominated environments between 2,900 and 2,450 m asl (black 
shape). Forest fringe is designated by the green shape. b,c, Dust clouds generated 
by a larger rockfall at an adjacent site on 8 June 2019 (b) and the subsequent 

impact on a tree (c). d,e, European larch (Larix decidua Mill.) trees can overgrow 
rockfall injuries (d) by forming chaotic callus tissue and tangential rows of 
traumatic resin ducts (e). These anatomical markers are utilized to date past 
rockfall with sub-seasonal precision. Credit: a, GoogleEarth, Landsat/Copernicus 
(main photo); Markus Stoffel (inset).

http://www.nature.com/naturegeoscience


Nature Geoscience | Volume 17 | March 2024 | 249–254 251

Article https://doi.org/10.1038/s41561-024-01390-9

We find substantial increases in rockfall frequency from the late 
1940s to the early 1950s and especially since the mid-1980s. At the inter-
annual scale, rockfall frequency exhibits significant correlation with air 
temperatures, with highest values recorded for a time window comprised 
between 13 July and 26 August (r = 0.48, p < 0.01; Fig. 3a). This correlation 
remains significant (r = 0.37; p < 0.01) after detrending of both datasets 
to account for the accelerating warming and increased rockfall activity.

Significant correlations were limited mostly to summer air tem-
peratures between 1920 and 1969 (2 July–27 August; r = 0.41/r = 0.40 
(p < 0.01) before/after detrending; Fig. 3b). Since 1970, however, we 
find significant correlations for both late spring (27 April–28 May; 
r = 0.47/r = 0.47, p < 0.01) and for a short summer window (14 July–16 
August; r = 0.39/r = 0.37, p < 0.01; Fig. 3c). These findings are confirmed 
by eyewitness observations regarding changes in rockfall seasonality 
at the site. By contrast, precipitation does not correlate with rockfall 
activity (Supplementary Fig. 1).

Figure 4 illustrates annual variations of rockfall rates and cor-
relations with air temperatures and temperature and rockfall data 
smoothed with a nine-year spline to retrieve decadal fluctuations in 
process activity. Despite the loss of degrees of freedom inherent to 
smoothing, correlations remain significant (r = 0.69; p < 0.01), point-
ing to the assumed key role of warm summers (13 July–26 August) and 
their contribution to permafrost degradation29,30 in driving rockfall3. 
Agreement between summer air temperatures and rockfall occur-
rence is noted between the late 1940s and early 1950s. This time 
window marks the end of the ‘Early Twentieth Century Warming’ 
(ETCW)31, the most prominent accelerated warming phase before 
current warming, when temperature change was outside internal vari-
ability32. From the mid-1950s to the mid-1980s, an episode character-
ized by cooler conditions resulted in fewer rockfalls at the site. With 
the onset of accelerating climate warming in the mid-1980s, rockfall 
activity is again increasing. Eyewitness reports and expert opinions 

confirm the reconstructed increase in rockfall, which resulted in 
damage to infrastructure in the valley floor and led to the construc-
tion of rockfall dams south of the study site in 1988, 1989, 1996, 1997 
and 199823 (Fig. 1a).

Although we can provide evidence for a correlation between 
warming summer air temperatures and rockfall rates, results also 
point to some delay—or a lag33—between the driver and actual trig-
ger of rockfall. Figures 3a and 4 show that enhanced rockfall occurs 
when consecutive warm summers are recorded, probably favouring 
instability through the melting and destabilization of frozen ground 
at larger-than-normal depths34. After several very warm summers 
recorded in the Alps between 1943 and 1946 and a heatwave in 194735, 
we observe a sustained, multi-year increase in rockfall activity from 
1949 to 1953. Likewise, the sharp rise in summer temperatures since 
the 1980s18,36—and particularly between 1990 and 1993—resulted in 
enhanced rockfall peaking in 1994 and 1995 (Fig. 4 and Extended Data 
Figs. 1–3). Rockfall has remained substantial since the mid-1990s and 
its incidence tends to follow the summer air temperature evolution.

Whereas decadal trends show a strong correlation between warm-
ing summer air temperatures and increased rockfall activity, this con-
nection becomes less apparent at shorter, interannual timescales. 
This is because snow cover, ground heat transport, frost weathering 
or mechanical processes37–40 play a critical role in driving interan-
nual rockfall activity, alongside potential lag effects discussed earlier. 
One can hypothesize that early and rapid snowmelt in late spring can 
intensify active-layer thawing41 and ice erosion in fractures29, leading 
to decreased shear resistance and increased shear forces due to higher 
hydrostatic pressure from meltwater in clefts38. This, in turn, results in 
greater instability during early summer. In the absence of local data on 
ground heat or active-layer thawing, we can only compare the rockfall 
reconstruction with borehole temperature data from Corvatsch in the 
Swiss Alps42 (Supplementary Fig. 2). This comparison reveals significant 
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agreement between early summer (27 May–25 June) borehole tem-
peratures and rockfall at Täschgufer (r = 0.69; p < 0.01; 2001–2020).

Before the actual occurrence of rockfall, frost weathering plays a 
crucial role in gradually weakening rock strength and creating condi-
tions for instability in newly exposed bedrock43. Therefore, we hypoth-
esize that following massive rockfall activity at the site in the late 1980s 
and 1990s, much of the heavily weathered material was eroded, and 
newly exposed bedrock now needs to be weakened to become available 
for future rockfall44,45.

A benchmark site for rockfall
Rockfall is a prominent geomorphic process in steep bedrock land-
scapes, but monitoring and detecting changes in its activity are challeng-
ing due to the lack of long-term records46,47. In this study, a systematic 
century-long (1920–2020) time series of rockfall was reconstructed 
from a degrading permafrost slope. Unlike previous work, focusing on 
larger failures (103–106 m3), we investigated rockfall involving individual 
boulders and volumes of individual events <10 m3. The latter are more 
frequent and directly responsive to climate variability and change48 and 
often represent a more imminent threat to mountain communities48,49.

Interannual and decadal trends show correlations between rock-
fall activity and summer air temperatures, with warmer temperatures 
associated with more rockfall. Enhanced activity during the ETCW 
and since the mid-1980s therefore align with the understanding that 
degrading permafrost contributes to slope instability and rockfall36. 
However, interannual fluctuations are also influenced by factors such 
as snow cover, ground heat and soil moisture37–40 for which data is 
still critically lacking in mountain environments. Similar agreement 
between enhanced rockfall and air temperature was observed at a 

nearby site in the Swiss Alps with a comparable record of past rockfall 
activity (Supplementary Fig. 3), suggesting a broader influence of 
climate warming and permafrost degradation on rockfall.

The rockfall record provided here, along with the influence of sum-
mer air temperatures on rockfall activity, has regional significance due 
to its length, the substantial amount of data collected and the valuable 
insights it offers into the seasonality of rockfall. Although we cannot 
draw conclusions on how rockfall activity evolves in other high-mountain 
regions, the Täschgufer site can serve as a benchmark site for future 
research, as its long time series represents a crucial step in comprehen-
sively documenting changes in rockfall activity in similar locations.

Warming air temperatures in the European Alps50, particularly 
at high elevations dominated by the cryosphere5, are now clearly out-
pacing global averages. Accelerated climate warming and mountain 
permafrost degradation are expected to lead to increased rockfall 
in the Alps. However, we show that the response of a rockfall system 
may not be linear but involve lags and system-specific controls. In a 
broader context, however, continued warming is expected to promote 
increased rockfall activity from steep permafrost areas, which, in turn, 
will necessitate adjustments in increasingly unstable mountain slopes. 
These changes are likely to have significant repercussions on the physi-
cal, biological and human systems in mountain environments4.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41561-024-01390-9.

300

200

100

W
in

do
w

 w
id

th

150 200 250 300 400 450 500 550
Day of year

Previous year Current year
1920–1969

1970–2020

W
in

do
w

 w
id

th

Previous year Current year

300

200

100

W
in

do
w

 w
id

th
1920–2020

a b

c

Previous year Current year

150 200 250 300 350 400 450 500

Day of year

2 July–27 August
57 days

27 April–28 May
32 days

13 July–26 August
45 days

550

400

0–0.50 –0.25

0.500  0.25

Coe­icient of correlation (r)

350

400

150 200 250 300 400 450 500 550

Day of year
350

300

200

100

400

Fig. 3 | Warming air temperatures correlate with interannual fluctuations in 
rockfall, with recent activity associated predominantly with warm spring 
temperatures. Interannual correlations between rockfall and air temperatures 
were assessed across various time windows starting on 15 May of the year 
preceding tree damage and ending on 30 September of the year in which damage 
occurred. a, From 1920 to 2020, warm temperatures positively influence rockfall 
across a range of shorter (30 days) to longer (450 days) time windows, with 
highest correlations observed for 13 July–26 August (45 days; r = 0.48, p < 0.01). 
In addition, the significant correlations found from early June (around day of 

year 160) to early December (340) in the year preceding rockfall and window 
widths of 280 to 450 days point to some delay—or a lag—between the driver and 
actual trigger of rockfall. The hat enhanced rockfall occurs when consecutive 
warm summers are recorded, probably favouring instability through the melting 
and destabilization of frozen ground at larger-than-normal depths. b, Between 
1920 and 1969, the highest correlation extends from 2 July–27 August (57 days; 
r = 0.41, p < 0.01). c, After 1970, rockfall activity correlates best with warm air 
temperatures in spring (27 April–28 May; 32 days; r = 0.47, p < 0.01) and to a lesser 
degree to summer warmth (14 July–16 August; 33 days; r = 0.39, p < 0.01).

http://www.nature.com/naturegeoscience
https://doi.org/10.1038/s41561-024-01390-9


Nature Geoscience | Volume 17 | March 2024 | 249–254 253

Article https://doi.org/10.1038/s41561-024-01390-9

References
1.	 Ravanel, L. & Deline, P. Climate influence on rockfalls in 

high-Alpine steep rockwalls: the north side of the Aiguilles de 
Chamonix (Mont Blanc massif) since the end of the ‘Little Ice Age’. 
Holocene 21, 357–365 (2011).

2.	 Chiarle, M., Geertsema, M., Mortara, G. & Clague, J. J. Relations 
between climate change and mass movement: perspectives from 
the Canadian Cordillera and the European Alps. Glob. Planet. 
Change 202, 103499 (2021).

3.	 Ravanel, L., Magnin, F. & Deline, P. Impacts of the 2003 and 2015 
summer heatwaves on permafrost-affected rock-walls in the Mont 
Blanc massif. Sci. Total Environ. 609, 132–143 (2017).

4.	 Hock, R. et al. in IPCC Special Report on the Ocean and 
Cryosphere in a Changing Climate (eds. Pörtner et al.)  
https://doi.org/10.1017/9781009157964.004 (Cambridge Univ.  
Press, 2019).

5.	 Biskaborn, B. K. et al. Permafrost is warming at a global scale. Nat. 
Commun. 10, 264 (2019).

6.	 Schiermeier, Q. Alpine thaw breaks ice over permafrost’s role. 
Nature 424, 712–712 (2003).

7.	 Stoffel, M. & Huggel, C. Effects of climate change on mass 
movements in mountain environments. Prog. Phys. Geogr. 36, 
421–439 (2012).

8.	 Paranunzio, R., Laio, F., Chiarle, M., Nigrelli, G. & Guzzetti, F. 
Climate anomalies associated with the occurrence of rockfalls 
athigh-elevation in the Italian Alps. Nat. Hazards Earth Syst. Sci. 
16, 2085–2106 (2016).

9.	 Coe, J. A. Bellwether sites for evaluating changes in landslide 
frequency and magnitude in cryospheric mountainous terrain: 
a call for systematic, long-term observations to decipher the 
impact of climate change. Landslides 17, 2483–2501 (2020).

10.	 Dikau, R., Brunsden, D., Shrott, L. & Ibsen, M. Landslide 
Recognition: Identification, Movement and Causes (Wiley, 1996).

11.	 Evans, S. G. & Hungr, O. The assessment of rockfall hazard at the 
base of talus slopes. Can. Geotech. J. 30, 620–636 (1993).

12.	 Selby, M. J. Hillslope Materials and Processes (Oxford Univ. Press, 
1993).

13.	 Collins, B. D. & Stock, G. M. Rockfall triggering by cyclic thermal 
stressing of exfoliation fractures. Nat. Geosci. 9, 395–400 (2016).

14.	 Fischer, L., Purves, R. S., Huggel, C., Noetzli, J. & Haeberli, W. On 
the influence of topographic, geological and cryospheric factors 
on rock avalanches and rockfalls in high-mountain areas. Nat. 
Hazards Earth Syst. Sci. 12, 241–254 (2012).

15.	 Krautblatter, M., Funk, D. & Günzel, F. K. Why permafrost rocks 
become unstable: a rock–ice-mechanical model in time and 
space. Earth Surf. Process. Landf. 38, 876–887 (2013).

–2

–1

0

1

2

3

–2

–1

0

1

2

19
20

19
25

19
30

19
35

19
40

19
45

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

20
20

Year

Ro
ck

fa
ll 

ra
te

Air tem
perature 

–3

–2

–1

0

1

2

3

4

–3 –2 –1 0 1 2 3 4

Rockfall rate

Ai
r t

em
pe

ra
tu

re

Early twentieth century warming Slow or no warming Accelerating climate warming

r = 0.41

r = 0.48

JJA 13 July–26 August Negative

Positive

Smoothed

Rockfall rate

Raw data

38 45 53 61 65 73 83 91 99 106 113 121 129 135 143 156 164 170 50 5233

0 50 100 150
% of slope covered

JJA (smoothed)

13 July–26 August (smoothed)

Temperature

13 July–26 August (z-score)

a

b

Fig. 4 | Rockfall rates at Täschgufer closely follow summer air temperatures, 
especially if warmer conditions persist over several summers. Evolution of 
raw (black dots) and bias-corrected (blue and yellow) annual rockfall activity and 
nine-year spline-smoothed rockfall trends (black curve) at Täschgufer between 
1920 and 2020. Both temperatures and rockfall rates are plotted as deviations 
(z-scores) from their 1920–2020 means. The thin (annual) and bold (spline 
smoothed) purple curves show z-score data for 13 July–26 August (Fig. 3); the red 
dotted curve shows smoothed June–August ( JJA) air temperatures at the site. The 

latter correlation remains significant at decadal timescales with r = 0.69 (p < 0.01). 
Rockfall activity first increased in the late 1940s and early 1950s to peak massively 
after the mid-1980s. a, Rockfall correlates with annual JJA (r = 0.41 (p < 0.01)) 
and 13 July–26 August (r = 0.48 (p < 0.01)) air temperatures. b, The combination 
of DBH with the mean impact circles (defined by the mean diameter of rockfall 
fragments) yields an estimate of the percentage of the slope for which rockfall will 
be intercepted by trees in any given year or decade and therefore allows definition 
of periods for which activity is either over- (>100%) or underestimated (<100%).
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Methods
Dendrogeomorphic sampling of a rockfall slope
Rockfall is the predominant gravitational process at Täschgufer and 
has formed several talus slopes with widespread evidence of recent 
rockfall activity. In the forest, reaching elevations of up to 2,150 m asl 
at the study site, virtually every tree shows clear evidence of past rock-
fall impact on the stem surface, predominantly in the form of injuries 
or broken crowns. To gather a representative dataset of past rockfall 
activity, we simulated preferential trajectories of rockfall activity on the 
slope using the three-dimensional, process based RockyFor3D model51. 
On the basis of model results, we defined a 177-m-wide transect at the 
upper forest fringe where trees intercept rockfall originating from the 
outcrops upslope and sampled a total of 375 Larix decidua trees with 
896 increment cores/cross sections during two field campaigns. A first 
campaign was realized in 2011 during which 252 trees were sampled; a 
second campaign followed in 2021 (123 trees) to update the reconstruc-
tion to the present day. The selection of trees was based on the idea to 
cover virtually all trajectories while avoiding as much as possible sam-
pling several trees in the direct fall line, as shading effects will lead to an 
underestimation of activity27. Likewise, we made an effort to avoid the 
sampling of trees that could have been impacted by the same rockfall. In 
the context of this study, and in view of the nature of and the conditions 
at the study site, we assume that each scar or growth disturbance (GD) 
represents an individual rockfall knowing that in exceptional cases, a 
falling rock can damage more than one tree and that rockfall events 
may consist of more than just a single rock.

Injuries represent the most accurate and reliable evidence of past 
rockfall in tree-ring records52–54, we therefore searched for fresh and 
overgrown wounds on the stem surface. The position of each sampled 
tree was recorded with a <1-m precision global positioning system 
(GPS) device and located in a geographical information system as 
geo-objects. The annual rings of trees that survived rockfall impacts 
were counted inwards from the bark, known from the date of collection, 
and cross dated using standard dendrochronological procedures55. 
In addition to injuries, dendrogeomorphic indicators of past rockfall 
also included strong tangential rows of traumatic resin ducts (TRDs). 
The latter form around an injury within days after mechanical wound-
ing52,53. Their use has been proven valuable for the detection and dating 
of completely overgrown injuries22, and even if sampling is done at 
considerable vertical (>1 m) and/or radial distances from the injury52,56. 
In this paper, and for the analysis of changes in rockfall seasonality, we 
analyse separately (1) injuries and (2) the combination of injuries and 
TRDs—which we refer to as GDs—separately. The reason for this distinc-
tion is that TRDs can potentially form in later portions of a growth ring 
(next paragraph provides insights on the seasonality of rockfall) if incre-
ment cores are sampled far away from the wound and thus potentially 
induce a bias52,53,56,57. As a result of the comparably small tree diameters 
involved in this study, this effect can be considered negligible.

Seasonality of rockfall
In a next step, we used the intra-ring position of all injuries and strong 
TRDs leaving clear evidence of past rockfall damage in the tree-ring 
record (ref. 22 provides a rating of GDs) to date past rockfall activity 
with sub-seasonal precision52,53,57–59. We distinguish six sub-annual 
positions of GDs within individual tree rings (Extended Data Fig. 1): 
those formed at the precise limit between two rings are attributed to 
dormancy (D), that is, the time window after the formation of the previ-
ous and the onset of subsequent ring formation. Those located in the 
thin-walled, clearer early wood portion of a ring are attributed to early 
(EE), middle (ME) and late (LE) early wood, whereas a GD found in the 
latewood was attributed to either the early (EL) or late (LL) latewood 
of a given ring. Data exist on the onset and cessation of tree growth in 
the study region26, and the formation of different portions of growth 
rings can thus be defined as follows: D starts on 1 October 1 and ends 
on 15 May; EE is defined as 16 May–7 June, ME as 8 June–30 June and LE 

as 1 July–15 July. The EL is assumed to be formed between 16 July and 
15 August and the LL between 16 August and 30 September. A total of 
408 injuries and strong TRDs (1920–2020; out of 1,357 GDs used for 
the rockfall reconstruction) can be attributed clearly to one of the six 
sub-seasonal periods defined above.

Because event dates can only be attributed to a certain segment 
of a tree ring (that is, D, EE, ME, LE, EL and LL), we employed a Monte 
Carlo simulation to transform sub-seasonal resolution to event dates. 
For each rockfall dated with injuries (n = 83) or GDs (n = 408), a day 
of rockfall occurrence (doy) was defined randomly 1,000 times with 
a Monte Carlo approach across the range defined for the different 
sub-segments of a tree ring. For each of the 1,000 iterations, a local 
polynomial regression was fitted to the doy time series for (1) all injuries 
and (2) GDs in the period 1920–2020. In addition, we also calculated 
changes in rockfall seasonality for sub-periods defined as 1920–1969, 
1970–2020 and 2010–2020 to detect trends in seasonality. In the next 
step, we used the same 1,000 iterations to derive quantile-based regres-
sions and the Theil–Sen estimator and to quantify temporal shifts in 
rockfall occurrence over the past 100 years.

Quantile-based regressions are commonly used to estimate the 
trend of the median in data for which the conditions of linear regres-
sion are not met. The approach was proposed as a way to discover more 
useful predictive relationships between variables in cases where only 
a weak relationship exists between the means of variables or where 
interactions between different factors are complex. The Theil–Sen 
estimator was used as an additional metric to fit a line to sample points 
by using the median of the slopes of all lines through pairs of points. As 
the Theil–Sen estimator is less affected by outliers, it can sometimes 
be more accurate than other tests.

Tree-ring-based reconstruction of rockfall activity
When reconstructing rockfall in forests, one needs to consider the area 
that is covered by trees in a given year, as a changing forest cover and 
increasingly larger tree diameters (DBH) will influence the likelihood that 
a rockfall will hit or miss a tree on its trajectory60. The probability for a 
tree to be impacted by a rockfall will thereby depend on the nature of the 
forest (that is, stand density, tree location, tree diameter, spatial structure 
of the forest) and the nature of rockfall (mostly block dimensions). To 
address this challenge, the conditional impact probability approach (CIP; 
Extended Data Fig. 2) has been employed widely in dendrogeomorphic 
reconstructions of rockfall activity27,28,61,62. It is based on the idea that 
each tree is surrounded by a ‘circle of impact’ (that is, covering a range 
of the slope that determines the probability of a tree being impacted).

A falling rock will impact a tree if its trajectory is closer to the 
stem than half of the rock’s diameter (∅). This ‘circle of impact’ can 
thus be expressed as a circular area around each tree, with its diameter 
being defined by the tree’s DBH and the mean diameter of falling rocks 
(∅ = 0.58 m in our case). As the DBH of a tree changes over time, we 
calculate the sum of diameters present in any given year covered by the 
reconstruction using averaged increment rates of each single tree by 
dividing individual tree DBH by their age27,63. The sum of impact circles 
of all trees represents the total length of impact circles (LIC) or the range 
that is covered by trees28. We present this information in Extended Data 
Fig. 3 by visually demonstrating the variations in the percentage of the 
slope covered by trees. These variations are attributed to (1) alterations 
in the sampled depth and tree diameter over time and (2) the fact that 
two distinct sampling campaigns were conducted to compile the data-
set utilized in this study. Accordingly, with a given mean rock diameter, 
tree position and the DBH measured for all trees (Supplementary Fig. 4 
provides an overview), the CIP can be calculated for a given surface as:

CIP = LIC/Lplot (1)

where Lplot is the width of the plot across the slope in the fall line (that 
is, 177 m in our case).
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The CIP can thereby be used as an estimate of the number of missed 
(that is, not recorded) rockfalls in a given year—especially at the begin-
ning and the end of the time series—but also quantify the potential 
overestimation of activity. An overestimation can occur in cases where 
LIC exceeds Lplot due to the sampling of more than one tree on a given 
trajectory. The CIP is therefore also a means to assess the quality and 
reliability of the reconstruction over time27,62.

Extended Data Fig. 3 illustrates the number of trees available for 
any given year of the reconstruction (Extended Data Fig. 3b) and their 
cumulated diameter at breast height (Extended Data Fig. 3a). When the 
cumulated DBH is combined with the circle of impact as defined by the 
rock diameter, we obtain the percentage of the slope that is covered 
in every single year of the reconstruction (Extended Data Fig. 3b) and 
therefore allows the transformation of raw into range corrected rockfall 
impacts (Extended Data Fig. 3c).

Climate–rockfall correlations
Reconstructed rockfall activity was correlated against the gridded 
(1 × 1 km) temperature and precipitation fields for Switzerland extend-
ing back to 1763 CE (ref. 64). We selected the grid point centred over 
the study site and retrieved data for the period 1920–2020. For both 
datasets, z-scores were preferred over absolute values as they (1) allow 
calculation of probabilities of a score occurring within a normal distri-
bution and (2) enable comparison between two scores that are from dif-
ferent normal distributions. As such, z-scores represent the number of 
standard deviations a given data point (here a year) lies above or below 
the mean of the rockfall activity (expressed as RCI) or air temperature. 
Mean and standard deviations of the RCI and air temperatures were 
computed over the full period of the reconstruction (1920–2020). By 
way of example, a z-score of +1 indicates a value that is one standard 
deviation from the mean.

Correlations between reconstructed rockfall and mean air tem-
peratures and precipitation totals were computed for (1) seasonal 
records of mean air temperatures and precipitation totals in a first 
step. In a second step, to detect possible changes over time, we (2) 
employed daily climate records averaged over 30- to 504-day time 
windows starting on 15 May of the year preceding ring formation 
(y − 1) and ending on 30 September of the year in which rockfall was 
reconstructed (y), using the R package dendroTools65. This second step 
was realized to identify those time windows (in terms of seasonality 
and length) that best correlate with rockfall activity and to attempt 
understanding of drivers underlying slope instability as a result of 
permafrost degradation.

To test robustness of relations between rockfall activity and  
climatic parameters, we split the period into two segments of  
similar length (that is 1920–1969, 1970–2020). Correlations were also 
computed between rockfall activity and permafrost borehole tem-
peratures at 0.6 m depth at Corvatsch (Swiss Alps, 46° 25′ N, 9° 49′ E, 
2,670 m asl; ref. 42). Permafrost time series are much shorter than 
meteorological records and cover only the period 2001–2020 (Sup-
plementary Fig. 2).

Data availability
Daily high-resolution temperature and precipitation fields for  
Switzerland from 1763 to 2020 are publicly available at https://doi.
org/10.1594/PANGAEA.950236. Borehole data were retrieved from 
PERMOS (http://newshinypermos.geo.uzh.ch/app/DataBrowser/). All 
raw data created in this paper are available at https://doi.org/10.5281/
zenodo.10142460.

Code availability
All analyses and figure preparation are performed in R programming 
language. The source codes to reproduce our analysis are available at 
https://doi.org/10.5281/zenodo.10142460. The seasonal trend analysis 
code is inspired by work published by Heiser et al. (ref. 66).
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Extended Data Fig. 1 | Subdivision of annual increment of conifer trees 
into several sub-segments. In this study, we subdivided individual rings into 
thin-walled earlywood (E) and thick-walled latewood (L) cell layers. At the end of 
the growing season, cell formation ceases and dormancy (D) starts. Any damage 
occurring during dormancy will occur at the contact between the previous and 

the new ring. E is subdivided into early (EE), middle (ME) and late (LE) earlywood, 
L into early (EL) and late (LL) latewood. This subdivision was applied to locate 
scars and tangential rows of traumatic resin ducts within a tree ring and hence to 
date past rockfall with sub-seasonal precision.
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Extended Data Fig. 2 | Definition and calculation of conditional probability 
of a rock impacting a tree on a slope. (a) The Conditional Impact Probability 
(CIP)27,61 considers the distribution of trees within a given plot. (b). 
Computation of impact circles. 1. Tree stem; 2. Circle of impact; 3. Projection of 

the circles of impacts to the bottom boundary of the cell analyzed; 4. Rock of a 
given diameter; 5. Trajectory of the falling rock; 6. Rockfall impact. L1, L2, L3 and 
L4 are the widths of the projection of the circles of impact at the bottom of the 
cell. LIC is the width of the analyzed cell. Adapted from Ref. 62.
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Extended Data Fig. 3 | Evolution over time of tree diameters, sample depth 
and length equivalent to the slope width sampled. (a) Changes in the 
cumulated sum of all tree diameter (in m), (b) number of trees in the chronology 
(sample depth) and the length equivalent to the slope width (177 m) that was 
sampled (in %) for every year between 1920 and 2020. (c) Raw numbers of 

rockfall impacts (injuries or GD) are corrected following the conditional impact 
probability (CIP) approach, resulting in the inclusion of more events in the 
chronology for years in which only part of the slope width is covered and in a 
reduction of events whenever the sum of diameters exceeds the slope width 
(177 m). The years 1937 and 1995 are selected here to illustrate the conversion.
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