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ABSTRACT ARTICLE HISTORY
Establishing a record of large debris flow events in high Alpine areas prior Received 13 November 2022
to the availability of high resolution remote sensing data can be very  Revised 8 February 2023
challenging. In this study, we investigate the debris flow activity in two Accepted 24 February 2023
tributary valleys of the Horlachtal catchment in Tyrol, Austria between KEYWORDS

the end of the Little Ice Age at about 1850 and the first available area Debris flows; lichenometry;
wide aerial images from 1947. To accomplish this, we calculated a local central Alps; Horlachtal;
lichenometric calibration curve using the long axis diameters of the five extreme events

largest Rhizocarpon lichen thalli at 51 different reference locations.

Because of the interval-censored dating of most of the reference sites,

we established a bootstrapping approach within the calibration curve

calculation process. With the help of the lichenometric calibration data,

we were able to date 47 old debris flow deposits in the study area. The

results indicate no increasing or decreasing trends in frequencies of

extreme debris flow events. In addition, the results point to a very local

character of debris flow triggering precipitation events, as we can

detect major differences in neighbouring valleys. Lichenometric derived

datings also provide temporal informations about the end of debris

flow activity at some sites in the study area and thus can contribute to

a better understanding of debris flow systems.

1. Introduction

In mountainous regions around the world, debris flows appear as natural hazards (Dowling and
Santi 2014). In most cases triggered by intense rainfall events (Berti et al. 2020), they can have
huge impacts on anthropogenic infrastructure as well as on the Alpine geosystems because of
the large amount of transported material (Heckmann et al. 2012; Hilger 2017). Yet until today, rela-
tively little is known about the future development of debris flow frequencies and magnitudes in a
changing climate (Jomelli et al. 2007; Pelfini and Santilli 2008). Long-term and detailed records of
extreme events in the past can help to improve our understanding of low frequency but high mag-
nitude processes like debris flows and therefore are fundamental in order to predict such events in
the future. Many studies, especially those that use high resolution remote sensing data like aerial
images or LiIDAR (light detection and ranging) data, investigate debris flow activity for the last dec-
ades or at least to the mid of the twentieth century (Bennett et al. 2012; Bernhardt et al. 2017; Die-
trich and Krautblatter 2017). However, to get better insights in the process dynamics, longer records
are needed. There are some studies on debris flow frequencies especially focusing on extended
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periods for example using dendrogeomorphology (Bollschweiler and Stoffel 2010) but these mostly
cover channelized debris flows in lower altitudes or single debris flow systems (Kiefer et al. 2021).

In Horlachtal, area-wide slope-type debris flow frequencies and magnitudes in high altitudes
since 1947 have been already analysed (Rom et al. 2023) using recent and historical aerial images.
These analyses revealed no consistent trend in debris flow activity but short-term variabilities, as
periods with high debris flow activity and high magnitudes (1954-1973, 1990-2009 and 2015-
2018) alternate with periods of only few debris flows with less transported volumes. Dating debris
flow events that occured prior to the acquisition of the first aerial images in 1947 is not an easy task.
Because of the remote region far from settlements, there are hardly any historic written records of
slope-type debris flows or other information like, e.g. archived photographs prior to 1947. The high
altitudes ranging above the treeline prohibit the usage of dendrogeomorphology in most parts of the
study area. As a consequence, lichenometric dating provides the only way to gain information about
the period before the acquisition of the first remote sensing datasets.

Lichenometric dating (widely called and thereafter referred to as ‘lichenometry’) was developed
and introduced by Beschel (1950) and is based on the assumption that lichens colonize new surfaces
and grow with a predictable rate; therefore surfaces with larger lichens are older than surfaces with
smaller ones (Karlén 1973; Graber and Santi 2022). With the help of a calibration curve calculated
based on measured lichens on surfaces with known age, lichen sizes can also be converted to absol-
ute dates (Bradwell 2009). However, because of the huge impact of local climate variabilities on the
growth rates of lichens, calibration curves should be created with local data (Beschel 1973; Graber
and Santi 2022). Due to the many uncertainties that are involved in this method, lichenometry itself
(Osborn et al. 2015) or parts of it (Bull 2018) has been criticized a few times recently. Yet licheno-
metry provides a simple and cheap opportunity to date surfaces in high alpine areas like the Hor-
lachtal, where other dating methods are not applicable. However, a validation of the results is
necessary as this method has to deal with different types of uncertainties. Lichenometry is widely
used for dating morains (Beschel 1950, 1957; Rodbell 1992; Solomina et al. 2007; Bull 2018) but deb-
ris flow deposits have been dated by this method as well (Rapp and Nyberg 1981; Innes 1983, 1985;
Jonasson et al. 1991; Helsen et al. 2002; De Haas et al. 2018; Graber and Santi 2022).

In lichenometry, the use of Rhizocarpon geographicum (L.) DC. is very common, as it is one of
the first settlers of newly formed rock surfaces (Armstrong 2011). In addition, the slow and radial
growth of the lichen thalli especially in alpine environments is another characteristic that is ben-
eficial for dating purposes (Rapp and Nyberg 1981; Rodbell 1992; Armstrong 2011). Yet there
are some biotic aspects that can have effects on the quality of lichenometric derived dates. These
include for example the mortality rates of lichens, the uncertainties about the shape of the growth
rate-size curve, competition effects or the merging of two lichen thalli (Loso and Doak 2006; Brad-
well 2009; Armstrong 2011).

In this study, we used lichenometric analyses to extend the debris flow record in the Horlachtal
especially to the timeframe between 1850 (end of the Little Ice Age — LIA) and 1947. Thus, we per-
formed lichenometric analyses in order to generate a calibration curve for the growth of lichen thalli
in Horlachtal. Using this reference model, we want to date old debris flow deposits in two side val-
leys of the Horlachtal (namely Grastal and Zwieselbachtal) in order to improve the understanding
on the occurrence of extreme debris flow events since the end of the LIA. Comparing the debris flow
activity of the two side valleys, we aim to analyse spatial differences of debris flow activity on a very
local scale.

2. Study area

The Horlachtal is a side valley of the Otztal in Tyrol, Austria. Located within the Stubai Alps, it is
geologically part of the Otztal Massif with predominant east-west striking gneisses and mica schists
(Becht 1995; Geitner 1999). The Horlachtal can be divided into several tributary valleys (Grastal,
Larstigtal, Zwieselbachtal, Weites Kar, and Finstertal) next to the main valley. The lichenometric
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Figure 1. Location of the Horlachtal and its tributary valleys Grastal and Zwieselbachtal. LIA glacier extents are shown based on
(Fischer et al. 2015). Lichenometric reference locations (location types: GE — glacier extent, BF — building foundation, DF - debris
flow deposit) are depicted coloured by their respective ages. Lichen sites to be dated in this study are represented by crosses. The
elevation model of the Horlachtal is based on airborne LiDAR data 2019 (own data acquisition; see Rom et al. 2023). Large-scale
elevation data of Austria, Germany and Italy are based on ALOS Global Digital Surface Model ©JAXA.

analyses in this study concentrate on the Grastal and Zwieselbachtal (Figure 1) that show a huge
activity in terms of slope-type debris flows (Becht 1995). These are mostly triggered by intense rain-
fall events that mainly occur during summer as convective thunderstorms.

The Grastal extends to an area of about 7.4 km?, in which the Grastalferner glacier covered about
13.1% at the end of the LIA and still coveres about 6.5%. The Zwieselbachtal on the other hand is
twice as large (15.1 km?®) with the Zwieselbachferner glacier covering about 12.4% of the area in
1850. Today, only approximately 1% of the area is glaciated. The treeline in the study area ranges
at about 2200-2300 m. However, most of the debris flows in Grastal and Zwieselbachtal occur at
elevations between 2000 and 3000 m and thus above the treeline.

3. Materials and methods
3.1. Debris flow data since 1947

By far the most common type of debris flow in the study area is the slope-type debris flow,
which is further described in in Zimmermann (1990) as well as in Wichmann (2006) and Rieger
(1999). This type is characterized by a hydrological catchment in the bedrock section that is
located above a talus fan.

The existing debris flow record for the whole Horlachtal between 1947 and 2020 was generated
via a spatial and temporal mapping of 834 single debris flows based on recent and historical aerial
images (Rom et al. 2023). The results revealed no consistent trend in debris flow frequencies but
rather showed alternating periods of high and low activity. Based on the findings of the geomorpho-
logical mapping, every single detected debris flow in the Horlachtal could be dated to the period in
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between the acquisition of two consecutive aerial images. In this way, the age of each debris flow is
interval censored. In the Horlachtal, these intervals range from 19 to six years for the relevant
periods. The mapping of slope-type debris flows with known ages provide the basis for the selection
of reference locations for the creation of a local lichenometric calibration curve.

Not only are a large number of processes initiated during extreme precipitation events, but
they are also of an exceptionally high magnitude and of a wide range. Becht (1995) reported
such a large event in the Horlachtal in the 1990s. Another extreme event hit the Horlachtal
in July 2022, which is currently being analysed in detail. In order to separate extreme events
from medium or smaller ones, we calculated the mean debris accumulation volume per debris
flow based on the data in Rom et al. (2023) in combination with the 2022 event (Figure 2). The
confirmed extreme debris flow events in the 1990s and 2022 reach volumes greater than 725 m’
per debris flow. Therefore, we used this value as a threshold for defining an extreme event in
Grastal and Zwieselbachtal.

3.2. Lichenometric data acquisition

The lichenometric data acquisition at the study area was done in several field campaigns in August
and September 2021. We used Rhizocarpon geographicum (L.) DC. lichens, which are very common
on the silicate-rich rocks in the study areas (Armstrong 2002). However, we cannot completely rule
out that other species of the genus Rhizocarpon, like Rhizocarpon superficiale or Rhizocarpon frigi-
dium, were measured on few occasions as well, as it is very hard for non-lichenologists to differen-
tiate between them in the field (Benedict 1988; Sass 2010).

3.2.1. Lichen size measurements

Within the field of lichenometry, many different methods to measure and analyse lichen sizes have
been developed (Rodbell 1992; Bradwell 2009; Armstrong 2015). Here, both the identified reference
locations (Sect. 3.2.2) as well as the locations to be dated within this study (Sect. 3.2.3) were analysed
in the exact same way: We searched for the largest lichens at each predefined site and measured the
diameter of about the largest 10-15 lichen thalli on their largest axis using a flexible ruler with an
accuracy of about 0.1 mm (Sass 2010). Thus, we assume that the largest lichen was the first to colo-
nize the newly formed rock surface after the stabilization of a debris flow deposition. Multiple
lichens of similar size support this hypothesis (Bull 2009) and therefore we calculated the mean
diameter of the Five Largest Lichen (5LL) for each site. However, it cannot be ruled out that few
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Figure 2. Mean accumulation volume per debris flow (combined for Grastal and Zwieselbachtal) based on the data in Rom et al.
(2023) (solid line) and the 2022 event (dashed line). For the extreme events in the 1990s as well as the early 2000s and 2022, the
volume value per debris flow always exceeded 725 m>. The grey vertical lines represent the acquisition times of aerial images in
Horlachtal.
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lichens have been preserved and exposed after a debris flow event (Rapp and Nyberg 1981). To
account for this, we rejected a lichen thallus with a diameter either twice as large or over 10 mm
larger than the diameter of the second largest thallus (Helsen et al. 2002). On very few locations,
single boulders with a large preserved lichen population were detected. If they clearly did not fit
the lichen sizes of the surrounding area, these lichens were discarded. Composited lichen thalli
were rejected as well but elongated thalli were measured if they did not exceed a ratio of about
1.5:1, which is in accordance to Sass (2010).

3.2.2. Selection of reference locations

The lichen sizes at reference locations are used to calculate a local calibration curve in order to
determine the age of the undated sites. These locations should have accurate known ages like for
example tombstones (Jochimsen 1966; Innes 1983; Rosenwinkel et al. 2015) or the foundations
of buildings (Jonasson et al. 1991; Sass 2010; Armstrong 2015). In other cases landforms dated
by other dating methods have been used as for example by dendrochronology (Bull 2018) or by
C14 dating (Rodbell 1992; Solomina et al. 2007; Rosenwinkel et al. 2015).

There are only few studies using debris flow deposits among other dated features as reference
objects (Caseldine 1991; Rosenwinkel et al. 2015). However, in this study, we mostly had to use
the interval censored dated debris flow deposits for the creation of the calibration curve because
there are (with one exception) no better options like, e.g. tombstones or foundations within the
investigated valleys.

The sites were carefully chosen on the lower accumulation zones of the mapped debris flow
deposits in Rom et al. (2023). A suitable reference debris flow deposit must be dated and identified
without doubt. This means that it must not have been reworked (e.g. by erosion or by human
activity) or overlain by later debris flows.

In total, we measured the lichen sizes at 47 different debris flow deposits of known age. These
reference locations were supplemented by lichens found on a foundation of an alpine hutt (built
in 1953) as well as three different sites of lichen covered bedrock close to the maximum glacier
extent at the end of the LIA mapped by Fischer et al. (2015). According to Heuberger (1967),
these glacier extents belong to the year 1850 in the Horlachtal. We tried to find additional suitable
reference sites on the end morains of the 1850 extent of the Grastalferner and Zwieselbachferner but
large parts of those landforms have been affected by dead ice for a long time (Heuberger 1967) and
therefore growth of lichens was probably disturbed. An overview of all reference locations with their
mean altitudes for each period can be found in Table 1 and their respective location in the study
area in Figure 1.

3.2.3. Selection of undated locations

Along with the reference sites, locations of undated debris flow deposits of old extreme events
were selected as well. Those were chosen with the help of the mapped debris flows since 1947
(Rom et al. 2023) as well as an orthophoto of 1947 and a high resolution Digital Terrain Model
(DTM) of 2019. In this way, we identified debris flow deposits older than 1947 but with

Table 1. Overview of reference locations for generating a lichenometric calibration curve sorted by age.

Date Age range [years] Number of different locations Mean altitude [m] Location type Mean 5LL [mm]
2003-2009 12-18 5 2281 debris flow deposits 443
1997-2003 18-24 7 2160 debris flow deposits 8.09
1990-1997 24-31 12 2152 debris flow deposits 13.63
1983-1990 31-38 6 2275 debris flow deposits 10.27
1954-1973  48-67 1 2265 debris flow deposits 19.13
1947-1954 67-74 6 2287 debris flow deposits 2633
1953 68 1 2090 building foundation 24.80

1850 171 3 2588 glacier extent 65.13
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Figure 3. Example of the selection of an undated site. Left: excerpt of the orthophoto of 1947. Debris flow deposits are clearly
visible. Right: mapped debris flows that happened after 1947 and reworked large parts of the deposits. Only small parts of the old
debris flow is still visible today and can be used for lichenometric analyses. Source of the aerial images 1947: Province of Tyrol.

unknown age. Figure 3 shows an example of a site selection of an undated debris flow deposit.
The orthophoto of 1947 reveals large-scale debris depositions of a past extreme event. Using the
mapped process zones of younger debris flows, we can see that large parts of the depositions
have been reworked until today (van Steijn 1999). However, a small part of the old deposit is
still visible and remained untouched. As extreme debris flow events produce large depositions
(Papathoma-Kohle et al. 2012) and long ranges, it is most likely that the selected undated
locations originate from extreme events prior to 1947. In total, we selected and measured 47
different locations of such sites.

3.3. Generating the calibration curve

Lichenometric calibration curves have been calculated in numerous ways. Here, we used the 5LL
diameter in order to calibrate the growth function. This method is well established and widely
applied in lichenometry (Innes 1983; Bradwell 2009; McCarthy 2021) as it is more robust against
outliers than for example the single largest lichen. Linear regression was used to determine the
age based on the 5LL diameter (Beschel 1950; McCarthy 2021; Graber and Santi 2022), as this
method best fits our data. As explained in Becht (1995), an extreme rainfall event usually triggers
multiple debris flow processes. This in turn leads to the assumption that it is most likely for all deb-
ris flow reference locations dated within the same time interval to have occurred at the same time.
Therefore, we use the mean 5LL lichen diameter of all debris flow sites of a specific time interval
(1947-1954, 1954-1973, 1983-1990, 1990-1997, 1997-2003 and 2003-2009; see Table 1).

However, the problem of the interval-censored dates for the debris flow reference sites remains.
There have been other lichenometric studies using interval-censored reference dates, for example
those that use C14 dated landforms (Rodbell 1992; Solomina et al. 2007; Rosenwinkel et al.
2015) but the interval-censoring has not yet been adressed. In this study, we use a bootstrapping
approach in order to take the censored dating into account and thus we are able to show the uncer-
tainties of the derived calibration curves.

To clarify the generation of the calibration curve, Figure 4 illustrates the schematic process using
example data. Here, six different reference sites are shown. Five of them have interval censored age,
the respective age ranges are depicted with dotted vertical lines. One reference site, however, is
dated to the exact year.

In a first step (Figure 4A), all interval censored locations are assigned a random but possible age
within their ranges. Now, a linear model can be calculated using the Ordinary Least Square method
with the 5LL diameter as independent variable. Figure 4B shows the second iteration (n = 2) of the
procedure. Again, randomly selected ages are assumed for the interval censored sites and a linear
model is defined. The light grey coloured results of the first step are still memorized. The more iter-
ations are performed, the more possible linear regression lines can be created and saved. In Figure
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Figure 4. Schematic illustration of the generation of calibration curves using bootstrapping. More details about the calculations
can be found in the text.

4C, the tenth model is created and it already shows the variability in different results. After 100 iter-
ations (Figure 4D), the ensemble of calculated regression lines forms a kind of belt of possible refer-
ence curves.

In order to work with a sufficent enough sample size, we used 1000 iterations to calculate the
lichenometric reference curves for our data.

3.4. Validation of the calibration curve

For validating the bundle of calibration curves, we used leave-one-out (LOO) cross validation.
Therefore the folds equal the number of the 51 lichenometric reference locations (Webb
et al. 2010). The interval-censored dates of the debris flow reference sites must be taken into
account here as well. A schematic overview of one fold of the LOO cross validation process
can be seen in Figure 5. One reference location acted as a test site and all other sites remained
in the training data set. In a next step we calculated linear regression lines using the training
dataset according to the approach explained in Section 3.3 with #=1000 iterations. For each
of the regressions, the 95% prediction interval was computed as well. Finally, we checked if
the assigned age of the test location falls within the corresponding prediction interval of the
training sites. This procedure was repeated for each of the reference locations. As a result we
can calculate how often (out of the 1000 iterations) the age of each reference site fits within
the 95% prediction interval.

; 95 % pred.
- . regression !
training sites . interval
(n-times) -
(n-times)

assign age check

test site (n-times) (n-times)

Figure 5. Schematic workflow for one fold of the LOO cross validation process, which was repeated for each of the reference
locations. For more details please refer to the text.
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3.5. Lichenometric dating of debris flow deposits

Using each of the 1000 regression lines from Section 3.3, the age of every undated location was
predicted and the uncertainties were estimated according to the corresponding prediction inter-
vals. In the end, the mean age of all 1000 iterations determined the estimated lichenometric age
of the respective debris flow deposit. The lower and upper boundary of the uncertainty for each
location was calculated by using the mean upper and lower limits of all 1000 prediction
intervals.

4. Results
4.1. Lichenometric calibration curve

Using the bootstrapping approach with n = 1000 iterations, we established the lichenoemtric cali-
bration curve for the Grastal and Zwieselbachtal (Figure 6). The ensemble of the 1000 calculated
models shows a relatively compact band with only a small variance. Using the median values of
all iterations, the calibrated lichenometric model to estimate the age based on the 5LL lichen thalli
diameter would be:

Age = 2.598%5LL + 2.2663 (1)

By repeating the bootstrapping approach but with swapped axes (age as independent and 5LL diam-
eter as dependent variable), the median growth rate of the lichen thalli diameter in the study area
could be calculated as 0.38 mm per year.

The LOO cross validation revealed that in 69% of the cases the age of a reference site falls within
the 95% prediction interval. Which in turn leads to the assumption that the calibrated model is valid
for about 70% of all cases. Because of the ages of the reference data sites, this lichenometric cali-
bration curve is best valid for lichens located within the study area with an age range of 12-171
years BP. However, the reference sites are not evenly distributed over time, so that the validation
may underestimate the uncertainties, especially for older periods where there are fewer reference
locations.
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Figure 6. Lichenometric calibration curve established in Grastal and Zwieselbachtal using a bootstrapping approach.



GEOGRAFISKA ANNALER: SERIES A, PHYSICAL GEOGRAPHY . 55

Grastal Zwieselbachtal
—e— 26 47 — I I e
25 ——i L o4 —eo— — 46
23 —e— 45 — ——i
—e—i — 22 —eo— — 44
21 —o—i 43 — —e—i
—o— ~ 20 ——i — 42
19 — —e—i L oa 41 - .
17 — —e—i —e—1 - 40
—e—i — 16 39 — —e—i
o 15 —&—t o —e—i ~ 38
2 13 S —e—i - 14 o 37 —e—
@ —e— 12 @ —e— — 36
11 —eo—i 35 —e—i
9 —e—i - e e - 34
L g 33 + —e—i
7 —e—i —e—i — 32
—e— - 6 31 —eo—i
5 —e—i —e—i — 30
3 —e— -4 29 — —e—i
—e—i -2 —e—i - 28
1 ——— 27 - °
| T | T | T I T T T
1800 1850 1900 1950 2000 1800 1850 1900 1950 2000
year year

Figure 7. Lichenometric ages of formerly undated debris flow deposits in Grastal and Zwieselbachtal. The uncertainty bars are
defined by the 95% prediction intervals.

4.2. Fitting the undated sites to the calibration curve

Based on the regression lines, a lichenometric age could be assigned for every formerly undated
debris flow deposit with an uncertainty of about +/- 17 years according to the LOO cross validation.
Figure 7 shows each of these sites and their corresponding lichenometric age separated for the Gras-
tal and Zwieselbachtal. The Figure reveals that many of the old debris flow deposits date back to the
1930s and 1940s and that there seems to be another group clustering around 1900 in Zwieselbachtal.
In the Grastal, lichenometry indicates an age group of about 170 years BP and therefore date back to
the end of the LIA. Noticeable is the lack of debris flow deposits between about 1860 and 1890.
Because of the selection of the sites (see Section 3.2.3), most of the debris flow deposits should
have an age older than 1947. Considering the uncertainty ranges of the lichenometric dates, an
age younger than 1947 was assigned to (only) three deposits in Grastal. These dates might be the
result of methodological uncertainties (see Section 5.2).

The spatial and temporal distribution of the formerly undated debris flow deposits and their
lichenometric ages in Grastal and Zwieselbachtal can be seen in Figure 8.

5. Discussion
5.1. The lichenometric calibration curve

Because the lichen growth rates are highly dependent on environmental conditions (Beschel 1973; Sass
2010), the lichenometric calibration curve calculated in this study is best valid only for the Horlachtal.
The variability of the mean altitudes of the reference locations (see Table 1) is quite small for most
periods, especially for those that are based on lichens on debris flow deposits. Here, the maximum differ-
ence in elevation is only 135 m. However, the 1850 reference sites in particular have a greater vertical
distance (maximum 498 m) to the other sites. This difference in climatic conditions could result in
slower growth rates and therefore affect the uncertainties of the calibration curve (Kedzia 2015).

The calculated diametral growth rate of 0.38 mm per year is in good agreement with other
growth rate measurements (Rodbell 1992; Armstrong 2015, 2016) and lies within the range of
other Alpine studies with rates ranging from 0.16 mm yr~' to 0.5 mm yr~' (Orombelli and Porter

1983; Proctor 1983; Pech et al. 2003).
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Figure 8. Location of the formerly undated debris flow deposits in Grastal (left) and Zwieselbachtal (right). The sites are shaded
by their mean lichenometric age. The elevation model in the background is based on airborne LiDAR data from 2019.

Figure 9 shows the calibration curve established in this study in comparison with other licheno-
metric reference points in the near vicinity to the Horlachtal. The lichen locations in the Kaunertal
(approximately 33 kilometres southwest of the study area) fit very well to the reference sites in this
study. They also support the calibration curve between 1947 and 1850 and therefore in a period, in
which there are no reference data in the Horlachtal. Sass (2010) measured 5LL lichen diamters near
the Finstertal reservoir adjacent to the study area in the north. His reference data with an age up to
about 70 years fit very well to our model. Only the lichens dated to the end of the LIA were slightly
smaller in Finstertal.

5.2. Uncertainties

Validation of lichenometric models is not straightforward and is often negelcted in some studies, as
explained in Bull (2018). Here, the LOO cross validation confirms that our model is valid for about
70% of the locations. This validation rate can be explained because the lichen growth depends
highly on the specific environmental condition at each location, like for example moisture avail-
ability (Bradwell 2009). In addition, the selection and measurement of the largest lichens at each
site can introduce errors as well.

Some sources of uncertainties and possible errors include the correct and exact measurement of
the largest lichen diameter or incorrect assumptions regarding the largest lichens. For example, it
may occurr that the first colonists already died or they could not grow unhindered due to compe-
tition (Armstrong 2015). As the boulders of debris flow deposits sometimes are quite small, the lar-
gest lichen might be a composition of several younger and smaller lichens (Beschel 1957; Clayden
et al. 2004; McCarthy 2021). In some cases it has been observed that on surfaces of debris flow
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Figure 9. The bootstrapped calibration curves produced in this study compared to validation sites in Kaunertal and Finstertal.

deposits some lichen individuals did survive the mass movement (Rapp and Nyberg 1981; Rosen-
winkel et al. 2015; Graber and Santi 2022). This can lead to an incorrect selection of the largest
lichens and therefore to an overestimation of the age of the debris flow deposit. We tried to mini-
mize this effect by using the 5LL method to eliminate bigger outliers.

In particular, lichens of the genus Rhizocarpon are vulnerable to long annual snow cover. In his
study within the Colorado Front Range, Benedict (1990) showed that after five to eight years with a
snow cover of 40-43 weeks, all Rhizocarpon geographicum thalli died. In our study, however, most
of the lichen sites are located on exposed debris flow accumulation zones in the lower parts of talus
slopes. Snow cover at these locations does not usually last long into the summer, so the effect of
snow kill is negligible. However, one factor that may cause minor inaccuracies in our study is
the variable growth of lichens in relation to stone surface aspect, as described by Dabski (2007)
in his studies of lichen growth in Iceland.

These examples of uncertainties based on biotic and abiotic factors may result in a slightly off
calculation of the age based on lichenometry. Certainly, however, the uncertainties lead to the
fact that the dating cannot be year-specific, but the concentration of several datings can provide
time periods with an enhanced debris flow activity. We know from studies of young debris flow
events in the Alps and also from investigations in the Horlachtal that debris flow events are tem-
porally clustered, as they are triggered by rare heavy rainfall events. Using lichenometric dating,
it seems to be possible to identify such extreme events for the time period before 1947 with a
less good data base.

5.3. Large-scale debris flow events in Grastal and Zwieselbachtal

In combination with the debris flow record based on remote sensing data in Rom et al. (2023), the
lichenometric results provide information about large-scale debris flow events in Horlachtal since
the end of the LIA. For the period from 1947 onwards, the threshold value of 725 m® per debris flow
deposition was used to define such an extreme event (see Section 3.1). If we can detect a clustering
of lichenometric dates with similar ages, we can identify such extreme events prior to 1947 as well.

The periods of extreme events determined by this approach are depicted in Figure 10. In Grastal,
lichenometry points to large debris flow events around 1850 as well as between 1930 and 1942.
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Figure 10. Record of phases with extreme debris flow events based on remote sensing data and lichenometric analyses. Topleft:
Grastal data. Topright: Zwieselbachtal data. Bottom: combined record in Grastal and Zwieselbachtal.

Remote sensing data reveal such events between 1990 and 1997. Another large event could be
detected in summer 2022 as well. In Zwieselbachtal on the other hand, we can identify large depo-
sitions around 1900 and again between 1930 and 1942. Since the second half of the 20th cenury,
large debris flows have been triggered between 1954 and 1973 as well as between 1990 and 2009.
The most recent event in 2022 is detectable in Zwieselbachtal, too, but at least some magnitudes
lower compared with the Grastal.

Overall, some periods with extreme debris flow events can be detected in both study areas,
whereas in some cases periods can only be detected in one of the two valleys. This in turn leads
to the conclusion that heavy rainfall events that initiate large debris flows (Underwood et al.
2016; Berti et al. 2020) obviously occur on a very local scale.

The time intervals between extreme debris flow events in Grastal seem to be getting smaller,
which might indicate increased activity due to climate change (Pelfini and Santilli 2008; Kapusta
et al. 2010; Dietrich and Krautblatter 2017). However, it is still possible especially for the period
covered with lichenometry that extreme debris flow events have been missed, e.g. due to over-
printed accumulations (van Steijn 1999). This in turn might explain the long time span with no
extreme event between 1860 and 1930 in Grastal.

In Zwieselbachtal, we cannot identify an increased debris flow activity for the investigated
period. In fact, there is no hint for changing debris flow frequencies in the combined data set (liche-
nometry and remote sensing). This is comparable to other studies using mainly dendrogeomorpho-
logical methods, which also show no clear trend in debris flow frequency (Bollschweiler et al. 2008;
Lopez Saez et al. 2011; Stoffel et al. 2014; Silhdn et al. 2015). Until now, we could not identify
accumulations dating to the end of the LIA at around 1850 in Zwieselbachtal. Again, this might
be due to overlapping depositions at the same location.

The synthesis of Grastal and Zwieselbachtal with respect to extreme debris flow events
(Figure 10) does not show any visible pattern in frequency. The distribution of epochs with detected
debris flow events within the time period studied could be attributed to randomness in hydrome-
teorological systems or other topographic and lithological parameters, which is consistent with the
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findings of Heiser et al. (2023) who were able to show that many alpine catchments have irregular
debris flow repose time patterns. A relatively long time span with no evidence of debris flow depo-
sition in our study area is between 1854 and 1891. This implies that either there were only few
small-sized debris flows triggered in that period, or we just did not find large deposits from that
time. Because of the overprinting of old debris flows by newer ones, it is more likely to miss debris
flows in older periods due to the time past.

5.4. Examples of the cessation of debris flow activity

At some locations, debris flow deposits, which were dated by lichenometry, were the most recent
ones we can identify there. This means that the lichenometric ages determine a temporary end
of the debris flow activity at these places.

One of these sites is located in the Upper Grastal close to the historic glacier extents of
the Grastalferner glacier (Figure 11A). The four dated deposits are situated on two relatively
small talus cones adjacent to the Grastal lake with debris flow related landforms like levées,
which are visible in the DTM of 2019. The dating information of the debris flow accumu-
lations indicate a cessation of activity around 1930. Why the activity stopped at this point is
not completely clear yet. One possibility could be that the hydrological regimes of the chan-
nel systems of the debris flow catchments changed over time as the Grastalferner retreated
since the 1930s.

Another example for a similar phenomenon can be seen in the lower part of the Zwieselbachtal.
Here, the five northernmost locations show lichenometric dates ranging from 1905 to 1941 (see
Figure 11B). Similar to the beforementioned example, these now dated debris flow depositions
are located on pretty much inactive debris flow cones. Thus, the lichenometric results show that
we can date the last debris flow activity here to the first decades of the twentieth century. Possibly,
the increasingly dense shrub vegetation in these relatively low altitudes prevent new debris flow
events or the hydrological regimes or channel systems in the catchments changed over time like
for the Grastal location.
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Figure 11. Lichenometric dates at locations where debris flow activity stopped. A: location in the Upper Grastal. B: location in the
Lower Zwieselbachtal.
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6. Conclusion

The aim of this study was to extend the existing record of extreme debris flow events in the Hor-
lachtal back to about 1850. Because other dating methods are not applicable in the study area, we
used lichenometry to date Rhizocarpon lichens on old debris flow accumulations. Due to the inter-
val-censored ages of the reference locations, we chose a unique bootstrapping approach to calculate
calibration curves. The used statistical method worked well for our data set. With the help of LOO
cross validation in combination with 95% prediction intervals, we could show that the resulting
model provides dates with an accuracy of about +/— 17 years and gives us the possibility to identify
at least age clusters of debris flow deposits prior to 1947.

Using lichenometry, we are now able to get insights into the debris flow activity in Horlachtal
prior to the first historical remote sensing data sets of that region. In combination with existing
records of extreme events from 1947 to 2022, we can conclude the following main points:

(1) There is no evidence for a change in the frequency of extreme debris flow events in the Grastal
and Zwieselbachtal since the end of the LIA.

(2) There are huge spatial differences in the detected extreme events. This implies that the heavy
rainfall events that initiate debris flows can occur on a very local scale. Thus in order to inves-
tigate debris flow frequencies and triggering mechanisms in more detail, spatially and tem-
porally high resoluted precipitation data are required.

(3) Lichenometry provides temporal information on the temporary cessation of debris flow activity
at different locations in Grastal and Zwieselbachtal. However, it is still not completely clear as
to why the activity stopped at these sites.

Acknowledgements

This study is part of the SEHAG research group (SEnsitivity of High Alpine Geosystems to climate change since
1850). We would like to thank the Federal Office of Meteorology and Surveying (BEV) as well as the Province of
Tyrol (Land Tirol) for providing the historical aerial images. Furthermore, we would like to thank the Bezirkshaupt-
mannschaft Imst and especially Mag. Eva Loidhold and Mag. Gudrun Hofmann, the municipality of Umhausen with
Mayor Mag. Jakob Wolf as well as Mag. Johannes Kostenzer, Dr. Werner Schwarz, Mag. Kathrin Herzer and all resi-
dents of Niederthai and Umhausen for supporting the research in Horlachtal. In addition, we want to thank Anja
Sauer and Christian Sender who supported us with the fieldwork. Special thanks to the reviewers Maciej Dabski
and Danny McCarroll as well as the Associate Editor Tom Bradwell for their help to improve our article.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research has been funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) -
project number 394200609 and by the Austrian Sciene Fund.

Notes on contributors

Jakob Rom is Research Associate at the Catholic University of Eichstétt-Ingolstadt with research interests in geomor-
phologic process dynamics, gravitational mass movements and alpine natural hazards.

Florian Haas is Research Associate at the Catholic University of Eichstitt-Ingolstadt and has a research focus on
alpine process dynamics in the field of geomorphology, soil erosion and natural hazards.

Tobias Heckmann is Research Associate at the Catholic University of Eichstitt-Ingolstadt with focus on geomorphol-
ogy in the Alps, hydrological processes as well as statistical analyses.

Fabian Dremel is Research Associate at the Paris Lodron University of Salzburg. He is researching on landscape evol-
ution modelling, geomorphologic processes and their geological background.



GEOGRAFISKA ANNALER: SERIES A, PHYSICAL GEOGRAPHY . 61

Fabian Fleischer is Research Associate at the Catholic University of Eichstitt-Ingolstadt. His research interests are in
geomorphologic alpine processes, permafrost landforms and natural hazards.

Moritz Altmann is Research Associate at the Catholic University of Eichstatt-Ingolstadt and has a research focus on
fluvial dynamics in high alpine environments, soil erosion and natural hazards.

Manuel Stark is Research Associate at the Catholic University of Eichstitt-Ingolstadt. He is specialist in the acqui-
sition, processing and evaluation of remote sensing data, especially for alpine environments.

Michael Becht is Professor for Physical Geography at the University of Eichstatt-Ingolstadt. His focus lies on climate
impact research on high alpine geomorphologic systems, slope processes and mass movements, catchment hydrology
and natural hazards.

ORCID

Jakob Rom (2 http://orcid.org/0000-0002-0305-0375
Tobias Heckmann (2 http://orcid.org/0000-0002-1495-4214

References

Armstrong R. 2002. The effect of rock surface aspect on growth, size structure and competition in the lichen
Rhizocarpon geographicum. Environ Exp Bot. 48:187-194. doi:10.1016/S0098-8472(02)00040-0.

Armstrong RA. 2011. The biology of the crustose lichen Rhizocarpon geographicum. Symbiosis. 55:53-67. doi:10.
1007/s13199-011-0147-x.

Armstrong RA. 2015. Lichen growth and lichenometry. In: Upreti DK, Divakar PK, Shukla V, Bajpai R, editors.
Recent advances in lichenology. New Delhi: Springer India; p. 213-227.

Armstrong RA. 2016. Lichenometric dating (lichenometry) and the biology of the lichen genus rhizocarpon: chal-
lenges and future directions. Geogr Ann A: Phys Geogr. 98:183-206. doi:10.1111/geoa.12130.

Becht M. 1995. Untersuchungen zur aktuellen Reliefentwicklung in alpinen Einzugsgebieten: Mit 40 Tabellen [Zugl.:
Miinchen, Univ., Habil.-Schr]. Miinchen: Geobuch-Verl. 187 p. (Miinchener Universititsschriften / Fakultit fiir
Geowissenschaften; vol. 47). ISBN: 3-925308-69-5 . ger. http://edoc.ku-eichstaett.de/9396/.

Benedict JB. 1988. Techniques in Lichenometry: identifying the yellow Rhizocarpons. Arct Alp Res. 20:285-291.
doi:10.2307/1551260.

Benedict JB. 1990. Lichen mortality due to late-lying snow: results of a transplant study. Arct Alp Res. 22:81. doi:10.
2307/1551722.

Bennett GL, Molnar P, Eisenbeiss H, McArdell BW. 2012. Erosional power in the Swiss Alps: characterization of slope
failure in the Illgraben. Earth Surf Process Landf. 37:1627-1640. doi:10.1002/esp.3263.

Bernhardt H, Reiss D, Hiesinger H, Hauber E, Johnsson A. 2017. Debris flow recurrence periods and multi-temporal
observations of colluvial fan evolution in central Spitsbergen (Svalbard). Geomorphology. 296:132-141. doi:10.
1016/j.geomorph.2017.08.049.

Berti M, Bernard M, Gregoretti C, Simoni A. 2020. Physical interpretation of rainfall thresholds for runoff-generated
debris flows. ] Geophys Res Earth Surf. 125. doi:10.1029/2019JF005513.

Beschel RE. 1950. Flechten als Altersmaf3stab rezenter Moranen. Zeitschrift Gletscherkunde Glazialgeologie. 1:152-
161.

Beschel RE. 1957. Lichenometrie im Gletschervorfeld. Jahrbuch des Vereins zum Schutze der Alpenpflanzen und
-Tiere. 22:164-185.

Beschel RE. 1973. Lichens as a measure of the age of recent moraines. Arct Alp Res. 5:303-309. doi:10.1080/00040851.
1973.12003739.

Bollschweiler M, Stoffel M. 2010. Changes and trends in debris-flow frequency since AD 1850: results from the Swiss
Alps. The Holocene. 20:907-916. doi:10.1177/0959683610365942.

Bollschweiler M, Stoffel M, Schneuwly DM. 2008. Dynamics in debris-flow activity on a forested cone — a case study
using different dendroecological approaches. CATENA. 72:67-78. doi:10.1016/j.catena.2007.04.004.

Bradwell T. 2009. Lichenometric dating: a commentary, in the light of some recent statistical studies. Geogr Ann A:
Phys Geogr. 91:61-69. doi:10.1111/j.1468-0459.2009.00354.x.

Bull WB. 2009. Lichenometry dating of coseismic changes to a New Zealand landslide complex. Ann Geophys. 46.
doi:10.4401/ag-3451.

Bull WB. 2018. Accurate surface exposure dating with lichens. Quat Res. 90:1-9. do0i:10.1017/qua.2018.7.

Caseldine C. 1991. Lichenometric dating, lichen population studies and holocene glacial history in Trollaskagi,
Northern Iceland. In: Maizels JK, Caseldine C, editors. Environmental change in Iceland: past and present.
Vol. 7. Dordrecht: Springer; p. 219-233 (Glaciology and Quaternary Geology; vol. 7).


http://orcid.org/0000-0002-0305-0375
http://orcid.org/0000-0002-1495-4214
https://doi.org/10.1016/S0098-8472(02)00040-0
https://doi.org/10.1007/s13199-011-0147-x
https://doi.org/10.1007/s13199-011-0147-x
https://doi.org/10.1111/geoa.12130
http://edoc.ku-eichstaett.de/9396/
https://doi.org/10.2307/1551260
https://doi.org/10.2307/1551722
https://doi.org/10.2307/1551722
https://doi.org/10.1002/esp.3263
https://doi.org/10.1016/j.geomorph.2017.08.049
https://doi.org/10.1016/j.geomorph.2017.08.049
https://doi.org/10.1029/2019JF005513
https://doi.org/10.1080/00040851.1973.12003739
https://doi.org/10.1080/00040851.1973.12003739
https://doi.org/10.1177/0959683610365942
https://doi.org/10.1016/j.catena.2007.04.004
https://doi.org/10.1111/j.1468-0459.2009.00354.x
https://doi.org/10.4401/ag-3451
https://doi.org/10.1017/qua.2018.7

62 (&) J.ROMETAL.

Clayden SR, Pentecost A, Dawson RJM. 2004. Growth of the lichen Rhizocarpon lecanorinum, with comments on
Aplin-Hill and lichenometric curves. Symbiosis. 37:379-393.

Dabski M. 2007. Testing the size-frequency-based lichenometric dating curve on Fldajokull moraines (SE Iceland)
and quantifying lichen population dynamics with respect to stone surface aspect. Jokull. 57:21-35.

De Haas T, Densmore AL, Stoffel M, Suwa H, Imaizumi F, Ballesteros-Canovas JA, Wasklewicz T. 2018. Avulsions
and the spatio-temporal evolution of debris-flow fans. Earth Sci Rev. 177:53-75. doi:10.1016/j.earscirev.2017.11.
007.

Dietrich A, Krautblatter M. 2017. Evidence for enhanced debris-flow activity in the Northern Calcareous Alps since
the 1980s (Plansee, Austria). Geomorphology. 287:144-158. doi:10.1016/j.geomorph.2016.01.013.

Dowling CA, Santi PM. 2014. Debris flows and their toll on human life: a global analysis of debris-flow fatalities from
1950 to 2011. Nat Hazards. 71:203-227. d0i:10.1007/s11069-013-0907-4.

Fischer A, Seiser B, Stocker Waldhuber M, Mitterer C, Abermann J. 2015. Tracing glacier changes in Austria from the
Little Ice Age to the present using a lidar-based high-resolution glacier inventory in Austria. The Cryosphere.
9:753-766. doi:10.5194/tc-9-753-2015.

Geitner C. 1999. Sedimentologische und vegetationsgeschichtliche Untersuchungen an fluvialen Sedimenten in den
Hochlagen des Horlachtales (Stubaier Alpen/Tirol). Miinchen: Geobuch-Verlag (Miinchener Geographische
Abhandlungen).

Graber A, Santi P. 2022. Inferring rockfall frequency-magnitude relationships and talus accumulation times from
lichenometric study of talus deposits, Glenwood Canyon, CO, USA. Geomorphology. 108253. doi:10.1016/].
geomorph.2022.108253.

Heckmann T, Haas F, Morche D, Schmidt K, Rohn J, Moser M, Leopold M, Kuhn M, Briese C, Pfeifer N, et al. 2012.
Investigating an Alpine proglacial sediment budget using field measurements, airborne and terrestrial LIDAR data.
TAHS Publ. 356:438-447.

Heiser M, Schlogl M, Spangl B, Fuchs S, Rickenmann D, Zimmermann M, Scheidl C. 2023. Repose time patterns of
debris-flow events in alpine catchments. Earth Surf Process Landf. doi:10.1002/esp.5533.

Helsen MM, Koop PJM, van Steijn H. 2002. Magnitude-frequency relationship for debris flows on the fan of the
Chalance torrent, Valgaudemar (French Alps). Earth Surf Process Landf. 27:1299-1307. doi:10.1002/esp.412.
Heuberger H. 1967. Gletschergeschichtliche Untersuchungen in den Zentralalpen Zwischen Sellrain- und Otztal.

Geogr J. 133:522. doi:10.2307/1794493.

Hilger L. 2017. Quantification and regionalization of geomorphic processes using spatial models and high-resolution
topographic data: A sediment budget of the Upper Kauner Valley, Otztal Alps [PhD thesis]. Eichstitt-Ingolstadt:
Katholische Universitit Eichstitt-Ingolstadt. urn://nbn:de:bvb:824-opus4-3814.

Innes JL. 1983. Lichenometric dating of debris-flow deposits in the Scottish Highlands. Earth Surf Process Landf.
8:579-588. doi:10.1002/esp.3290080609.

Innes JL. 1985. Lichenometric dating of debris-flow deposits on alpine colluvial fans in Southwest Norway. Earth Surf
Process Landf. 10:519-524. doi:10.1002/esp.3290100510.

Jochimsen M. 1966. Ist die Grésse des Flechtenthallus wirklich ein brauchbarer Masstab zur Datierung von glazial-
morphologischen Relikten. Geogr Ann A: Phys Geogr. 48:157-164.

Jomelli V, Brunstein D, Grancher D, Pech P. 2007. Is the response of hill slope debris flows to recent climate change
univocal? A case study in the Massif des Ecrins (French Alps). Clim Change. 85:119-137. d0i:10.1007/s10584-006-
9209-0.

Jonasson C, Kot M, Kotarba A. 1991. Lichenometrical studies and dating of debris flow deposits in the high Tatra
Mountains, Poland. Geogr Ann A: Phys Geogr. 73:141-146. doi:10.1080/04353676.1991.11880339.

Kapusta J, Stankoviansky M, Boltiziar M. 2010. Changes in activity and geomorphic effectiveness of debris flows in
the High Tatra Mts within the last six decades (on the example of the Velickd Dolina and Dolina Zeleného Plesa
valleys). Studia Geomorphologica Carpatho-Balcanica. 44:5-34.

Karlén W. 1973. Holocene glacier and climatic variations, Kebnekaise Mountains, Swedish Lapland. Geogr Ann A:
Phys Geogr. 55:29-63. doi:10.1080/04353676.1973.11879879.

Kedzia S. 2015. Lichenometric curves for the Polish part of the Karkonosze and Tatra Mountains established with a
new method. Zeitschrift Geomorphologie. 59:103-118. doi:10.1127/0372-8854/2014/0141.

Kiefer C, Oswald P, Moernaut J, Fabbri SC, Mayr C, Strasser M, Krautblatter M. 2021. A 4000-year debris flow record
based on amphibious investigations of fan delta activity in Plansee (Austria, Eastern Alps). Earth Surf Dynam.
9:1481-1503. doi:10.5194/esurf-9-1481-2021.

Lopez Saez ], Corona C, Stoffel M, Gotteland A, Berger F, Liébault F. 2011. Debris-flow activity in abandoned chan-
nels of the Manival torrent reconstructed with LiDAR and tree-ring data. Nat Hazards Earth Syst Sci. 11:1247-
1257. doi:10.5194/nhess-11-1247-2011.

Loso MG, Doak DF. 2006. The biology behind lichenometric dating curves. Oecologia. 147:223-229. Epub 2005 Oct
20. doi:10.1007/s00442-005-0265-3.

McCarthy DP. 2021. A simple test of lichenometric dating using bidecadal growth of rhizocarpon geographicum agg.
and structure-from-motion photogrammetry. Geomorphology. 385:107736. doi:10.1016/j.geomorph.2021.
107736.


https://doi.org/10.1016/j.earscirev.2017.11.007
https://doi.org/10.1016/j.earscirev.2017.11.007
https://doi.org/10.1016/j.geomorph.2016.01.013
https://doi.org/10.1007/s11069-013-0907-4
https://doi.org/10.5194/tc-9-753-2015
https://doi.org/10.1016/j.geomorph.2022.108253
https://doi.org/10.1016/j.geomorph.2022.108253
https://doi.org/10.1002/esp.5533
https://doi.org/10.1002/esp.412
https://doi.org/10.2307/1794493
https://doi.org/10.1002/esp.3290080609
https://doi.org/10.1002/esp.3290100510
https://doi.org/10.1007/s10584-006-9209-0
https://doi.org/10.1007/s10584-006-9209-0
https://doi.org/10.1080/04353676.1991.11880339
https://doi.org/10.1080/04353676.1973.11879879
https://doi.org/10.1127/0372-8854/2014/0141
https://doi.org/10.5194/esurf-9-1481-2021
https://doi.org/10.5194/nhess-11-1247-2011
https://doi.org/10.1007/s00442-005-0265-3
https://doi.org/10.1016/j.geomorph.2021.107736
https://doi.org/10.1016/j.geomorph.2021.107736

GEOGRAFISKA ANNALER: SERIES A, PHYSICAL GEOGRAPHY . 63

Orombelli G, Porter SC. 1983. Lichen growth curves for the Southern Flank of the Mont Blanc Massif, Western
Italian Alps. Arct Alp Res. 15:193-200.

Osborn G, McCarthy D, LaBrie A, Burke R. 2015. Lichenometric dating: science or pseudo-science? Quat Res. 83:1-
12. doi:10.1016/j.yqres.2014.09.006.

Papathoma-Kohle M, Keiler M, Totschnig R, Glade T. 2012. Improvement of vulnerability curves using data from
extreme events: debris flow event in South Tyrol. Nat Hazards. 64:2083-2105. doi:10.1007/s11069-012-0105-9.

Pech P, Jomelli V, Baumgart-Kotarba M, Bravard JP, Chardon M, Jacob N, Kedzia S, Kotarba A, Raczkowska Z, Tsao
C. 2003. A lichenometric growth curve in the French Alps: Ailefroide and Veneon valleys; Massif des Ecrins.
Geodinamica Acta. 16:187-193. doi:10.1016/j.geoact.2003.07.001.

Pelfini M, Santilli M. 2008. Frequency of debris flows and their relation with precipitation: A case study in the Central
Alps, Italy. Geomorphology. 101:721-730. doi:10.1016/j.geomorph.2008.04.002.

Proctor MCF. 1983. Sizes and growth-rates of thalli of the lichen Rhizocarpon geographicum on the moraines of the
Glacier de Valsorey, Valais, Switzerland. The Lichenologist. 15:249-261. https://www.cambridge.org/core/
journals/lichenologist/article/sizes-and-growthrates-of-thalli-of-the-lichen-rhizocarpon-geographicum-on-the-
moraines-of-the-glacier-de-valsorey-valais-switzerland/ee72ae0afa94e56b3ccecc6e869aa5a0.

Rapp A, Nyberg R. 1981. Alpine debris flows in northern scandinavia. Geogr Ann A: Phys Geogr. 63:183-196. doi:10.
1080/04353676.1981.11880033.

Rieger D. 1999. Bewertung der naturrdumlichen Rahmenbedingungen fiir die Entstehung von Hangmuren:
Méoglichkeiten zur Modellierung des Murpotentials; mit 21 Tabellen [Zugl.: Miinchen, Univ., Diss., 1998].
Miinchen: Geobuch-Verl. 149 p. (Miinchener Universititsschriften / Fakultit fir Geowissenschaften; vol. 51).
ISBN: 3925308733 . ger.

Rodbell DT. 1992. Lichenometric and radiocarbon dating of holocene glaciation, Cordillera Blanca, Pert. The
Holocene. 2:19-29. doi:10.1177/095968369200200103.

Rom J, Haas F, Heckmann T, Altmann M, Fleischer F, Ressl C, Betz-Nutz S, Becht M. 2023. Spatio-temporal analysis
of slope-type debris flow activity in Horlachtal, Austria based on orthophotos and LiDAR data since 1947. Nat
Hazards Earth Syst Sci. 23:601-622. doi:10.5194/nhess-23-601-2023.

Rosenwinkel S, Korup O, Landgraf A, Dzhumabaeva A. 2015. Limits to lichenometry. Quat Sci Rev. 129:229-238.
doi:10.1016/j.quascirev.2015.10.031.

Sass O. 2010. Spatial and temporal patterns of talus activity — a lichenometric approach in the stubaier Alps, Austria.
Geogr Ann A: Phys Geogr. 92:375-391. doi:10.1111/j.1468-0459.2010.00402.x.

Silhén K, Panek T, Hradecky J, Stoffel M. 2015. Tree-age control on reconstructed debris-flow frequencies: examples
from a regional dendrogeomorphic reconstruction in the Crimean Mountains. Earth Surf Process Landf. 40:243-
251. doi:10.1002/esp.3623.

Solomina O, Jomelli V, Kaser G, Ames A, Berger B, Pouyaud B. 2007. Lichenometry in the Cordillera Blanca, Peru:
“Little Ice Age” moraine chronology. Glob Planet Change. 59:225-235. doi:10.1016/j.gloplacha.2006.11.016.

Stoffel M, Mendlik T, Schneuwly-Bollschweiler M, Gobiet A. 2014. Possible impacts of climate change on debris-flow
activity in the Swiss Alps. Clim Change. 122:141-155. d0i:10.1007/s10584-013-0993-z.

Underwood SJ, Schultz MD, Berti M, Gregoretti C, Simoni A, Mote TL, Saylor AM. 2016. Atmospheric circulation
patterns, cloud-to-ground lightning, and locally intense convective rainfall associated with debris flow initiation in
the Dolomite Alps of northeastern Italy. Nat Hazards Earth Syst Sci. 16:509-528. doi:10.5194/nhess-16-509-2016.

van Steijn H. 1999. Frequency of hillslope debris flows in the Bachelard valley (French Alps). In: Panizza M, Soldati
M, Bertacchini M, van Asch W, Malmusi S, editors. The Erasmus 96-97 programme in geomorphology: intensive
course in the French Alps and student’s mobility. Modena: Dipartimento di Scienze della Terra, Universita degli
Studi di Modena e Reggio Emilia; p. 15-24.

Webb GI, Sammut C, Perlich C, Horvath T, Wrobel S, Korb KB, Noble WS, Leslie C, Lagoudakis MG, Quadrianto N,
et al. 2010. Leave-one-out cross-validation. In: Sammut C, Webb GI, editors. Encyclopedia of machine learning.
Boston, MA: Springer US; p. 600-601. (SpringerLink Biicher).

Wichmann V. 2006. Modellierung geomorphologischer Prozesse in einem alpinen Einzugsgebiet: Abgrenzung und
Klassifizierung der Wirkungsrdume von Sturzprozessen und Muren mit einem GIS [Zugl.: Eichstitt, Katholische
Univ.,, Diss., 2005 u.d.T.: Wichmann, Volker: Entwicklung von prozessorientierten Modellen zur flichenverteilten
Abgrenzung und Klassifizierung der Wirkungsraume von Sturzprozessen und Muren mit einem GIS - dargestellt
am Einzugsgebiet des Lahnenwiesgrabens Ammergebirge]. Miinchen, Wien: Profil-Verl. 231 p. (Eichstitter
Geographische Arbeiten; vol. 15). ISBN: 3-89019-605-5 . ger. http://edoc ku-eichstaett.de/10754/.

Zimmermann M. 1990. Debris flows 1987 in Switzerland: geomorphological and meteorological aspects. IAHS.
Hydrol Mountainous Reg. 2:387-393. https://hydrologie.org/redbooks/a194/iahs_194 0387.pdf.


https://doi.org/10.1016/j.yqres.2014.09.006
https://doi.org/10.1007/s11069-012-0105-9
https://doi.org/10.1016/j.geoact.2003.07.001
https://doi.org/10.1016/j.geomorph.2008.04.002
https://www.cambridge.org/core/journals/lichenologist/article/sizes-and-growthrates-of-thalli-of-the-lichen-rhizocarpon-geographicum-on-the-moraines-of-the-glacier-de-valsorey-valais-switzerland/ee72ae0afa94e56b3ccecc6e869aa5a0
https://www.cambridge.org/core/journals/lichenologist/article/sizes-and-growthrates-of-thalli-of-the-lichen-rhizocarpon-geographicum-on-the-moraines-of-the-glacier-de-valsorey-valais-switzerland/ee72ae0afa94e56b3ccecc6e869aa5a0
https://www.cambridge.org/core/journals/lichenologist/article/sizes-and-growthrates-of-thalli-of-the-lichen-rhizocarpon-geographicum-on-the-moraines-of-the-glacier-de-valsorey-valais-switzerland/ee72ae0afa94e56b3ccecc6e869aa5a0
https://doi.org/10.1080/04353676.1981.11880033
https://doi.org/10.1080/04353676.1981.11880033
https://doi.org/10.1177/095968369200200103
https://doi.org/10.5194/nhess-23-601-2023
https://doi.org/10.1016/j.quascirev.2015.10.031
https://doi.org/10.1111/j.1468-0459.2010.00402.x
https://doi.org/10.1002/esp.3623
https://doi.org/10.1016/j.gloplacha.2006.11.016
https://doi.org/10.1007/s10584-013-0993-z
https://doi.org/10.5194/nhess-16-509-2016
http://edoc.ku-eichstaett.de/10754/
https://hydrologie.org/redbooks/a194/iahs_194_0387.pdf

	Abstract
	1. Introduction
	2. Study area
	3. Materials and methods
	3.1. Debris flow data since 1947
	3.2. Lichenometric data acquisition
	3.2.1. Lichen size measurements
	3.2.2. Selection of reference locations
	3.2.3. Selection of undated locations

	3.3. Generating the calibration curve
	3.4. Validation of the calibration curve
	3.5. Lichenometric dating of debris flow deposits

	4. Results
	4.1. Lichenometric calibration curve
	4.2. Fitting the undated sites to the calibration curve

	5. Discussion
	5.1. The lichenometric calibration curve
	5.2. Uncertainties
	5.3. Large-scale debris flow events in Grastal and Zwieselbachtal
	5.4. Examples of the cessation of debris flow activity

	6. Conclusion
	Acknowledgements
	Disclosure statement
	Notes on contributors
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


