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Abstract

Snow avalanches pose a major threat to people living in mountainous regions across the world.
Chronologies of such events date back centuries and are often focused on larger events and substantial
damage to people and infrastructure. Dendrochronology offers methods to reconstruct snow avalanches
at a specific site, when no records are available. In this thesis, silver birch (Betula Pendula Roth) and
mountain pine (Pinus mugo Turra) were used in order to reconstruct snow avalanches at a site at
the Goscheneralp, Uri. For this purpose, increment cores and discs were extracted and thin sections
produced. Event dating was done by means of an eccentricity analysis as well as compression wood
findings. Furthermore, the findings were compared to an existing snow avalanche chronology. As a
result, snow avalanches were determined to have happened in years 1999, 2008, 2010, 2012, 2019 and
2021. In addition, snow avalanches were also spatially defined. The findings serve as a reasonable

approximation, however should not be taken unambiguously.
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1 Introduction

Snow avalanches have affected people in mountainous regions ever since settlements were built and
remains one of the most active hazards in these regions. Especially in the alps, where the first settle-
ments date back hundreds to thousands of years, high damage tolls have been experienced over the
years. For this reason, protection forests have been established. One example can be found just above
Andermatt, Uri, where even the removal of cones or branches is banned since 1397. Nowadays, it still
serves as a protective forest, also called "Bannwald", sheltering against snow avalanches and rockfalls
(Brang et al., 2008; Renner-Aschwanden, 2013).

Snow avalanches occur on distinct sites, promoted not only by the meteorological conditions, but also
topographical situation and the amount of forest cover. If a snow avalanche happens repeatedly at a
site, forest growth is halted and an open area or corridor is established, also called a snow avalanche
slope. In many cases, the vegetation growing in and along these slopes changes from mature forest to

more shrub-like and low growing trees (Butler et al., 2008; Luckman, 2010).

The earliest chronologies of snow avalanches can be dated back to the 14th century and provide an es-
sential source of information to infer hazard zones in and around settlements. Next to actual listings of
snow avalanches, the analysis of earlier photographs, eyewitnesses reports, as well as vegetation studies
can be consulted (Corona et al., 2012). As an example, Butler et al. (1985) used historic coverings of
snow avalanches, such as personal recollections, photographs, text citations and newspaper coverage
in combination with tree-ring data to reconstruct snow avalanches in Montana. A big shortcoming
of historic snow avalanche chronologies is the limited temporal and spatial information. Mainly, the
documented events focus on damage to roads and settlements as well as harm to population. Besides,
eyewitness reports tend to have a bias in their focus, exaggerating some events and downplaying others
(Bollschweiler et al., 2011; Corona et al., 2012). For that reason, dendrochronology and dendroge-
omorphology offer an excellent chance to get an overview of the events happening at a specific site
and possibly also providing hazard assessments (Corona et al., 2012). Studies to reconstruct snow
avalanches through dendrochronological methods have been done as early as the 1970s by Burrows
et al. (1976) which give an overview over using tree rings to date snow avalanches, as well as (Carrara,
1979), producing a record of when snow avalanches reached a settlement in Colorado. More recent
studies have been done by Casteller et al. (2007), using multiple dendroecological methods to uncover
a snow avalanche history. Similar methods have also been used in other studies (Butler et al., 2008;
Decaulne et al., 2011; Dube et al., 2004; Germain et al., 2010).

Eccentricity, often used in the reconstruction of geomorphic mass movements (Wistuba et al., 2013),
has of late also been used to date snow avalanches (Casteller et al., 2008; Casteller et al., 2007,
2011; Decaulne et al., 2011; Garavaglia et al., 2011). Eccentricity in combination with reaction wood,
disturbances and deformations of wood has so far not been widely studied (Schweingruber, 1996).
This work will focus on combining reaction wood and eccentricity in trees. No focus will be given on
the nature and physics of snow avalanches, as has been done in simulations (Casteller et al., 2008).

The aim of this thesis is to reconstruct past snow avalanches. This will be done by constructing and



using an eccentricity index of a deciduous species as well as comparing it to an existing chronology.
This will then also be compared to reaction wood in conifers, in order to possibly verify past snow
avalanche events. The relevance behind this thesis is, to use two very rarely used tree species and
to successfully show that snow avalanche reconstructions are possible with these. In addition, snow
avalanche frequencies serves as an important planning tool for land-use planning and management
(Corona et al., 2010).

1.1 Research objectives

The goal of this master thesis is to acquire a snow avalanche reconstruction using silver birch (Be-
tula Pendula Roth) and mountain pine (Pinus mugo Turra) in the Goscheneralp, Uri, by working out
past events. An eccentricity index of the birch will be constructed and then compared to compression
wood in mountain pine. The first [1] objective is to see, if it is possible in the first place, to make
a snow avalanche reconstruction by also comparing to known chronologies. Also referring to Corona
et al. (2012), of how much of the actual snow avalanche activity can be proven with dendrogeomorphic
methods. The second [2] objective is to compare eccentricity thresholds and their influence on the
dating of snow avalanche events. Another objective [3] is to set eccentricity index events side by side
to compression wood in pine, and therefore show if an snow avalanche event can be verified in both
species during the same year or period. The first subquestion revolves around if the tension wood in
birch can be determined anatomically, whereas the second subquestion aims to date snow avalanche
events also with injuries in the birch samples. Eventually, the last research objective [4] asks, if the
dated snow avalanches do differ in their spatial extent at the study site. Consecutively a listing of the

research questions:

1. Do the dated snow avalanche events coincide with an already existing chronology?
2. Can an accurate eccentricity threshold be chosen?
(a) How to the determined events differ, if the threshold is altered?
3. Can the dated eccentricity in birch be compared to compression wood formation in pine?

(a) Is it possible to anatomically determine tension wood in birch and therefore verify dated

eccentricity events?
(b) Is it possible to compare injuries in birch trees to dated eccentricity events?

4. Can the dated snow avalanche reconstruction be spatially defined?



2 Study site

The study site is located in the Goscheneralp (46°38’N 8°54'E) and is easy accessible at a five minute
drive from Goschenen (see figure 1). What follows is a brief description of key features of the location.

. Ziirich

Figure 1: Map and inset map depicting location of the study site in relation to Switzerland
(SWISSIMAGE 25 provided by Swisstopo, 2021).

2.1 Location

Located on the north-facing slope in a location called "Sulz", the study site is one of many slopes
at the Goscheneralp where snow avalanches and other natural events tend to happen and therefore
served as an excellent place for a study. Next to the Sulz slope is "Hutzgen", where possible snow
avalanches could also have been affecting Sulz, therefore sometimes also referred to in this thesis. The
southern mountain range includes the Dammastock (3630 m.a.s.l.) as the highest point and below it
the Damma glacier, serving as an important input of freshwater for the reservoir dam built in the 1960s.
The northern mountain range is home to many mountains, such as the Salbitschijen (2986 m.a.s.l),
being especially popular among climbers. The Goscheneralpreuss, stemming from the Damma glacier,

flows through the valley and at Goschenen joining the Reuss coming from Andermatt.

The elevation of the study site is at around 1250 m.a.s.l., with a gradient of 120 metres from the

bottom of the slope to the top, the top being where the last tree was sampled (see figure 12). Situated



Figure 2: Picture taken from below and across the Goscheneralpreuss, showing the study site with
the distinctive granite slab.

above the site is a slab of granite rock, with occasional green patches in between. In addition, some
small streams are flowing downwards, depending on the hydrological conditions on the site. Next to
snow avalanches, rockfall is a prominent feature of the landscape, with many boulders situated in the
field. The slope gradient of the slope itself is just below 30°. Above the slope, the gradient changes
and is almost always above 30°, therefore, promoting snow avalanches (Schweizer, 2004). At the study
site, as well as the whole valley, mostly spruce, larch, birch and mountain pine are growing. Moreover,
a whole array of shrubs and other bushes are thriving. Interestingly, many birch trees were growing
at the study site. A small plateau can be found above the study site, extending just below the whole
southern mountain range. Mostly shrubs thrive there as well as some singular trees, such as mountain

pine and some spruce, however soon receding due to the upper forest boundary.

2.2 Climate

The local climate is characterized by about 1500 mm of precipitation per year, which is more than
the swiss mean. Nearby, at the Damma glacier, at around 2000 m.a.s.l., the yearly precipitation is
higher by around 500mm, which is quite a high gradient of precipitation (Bernasconi et al., 2011; Paul
et al., 2012). The mean annual temperatures range around 0 to 5°C in the Goscheneralp (Diimig et al.,
2011).

2.3 Geology

The Goscheneralptal belongs tectonically to the "Infrahelveticum" which is made up of crystalline from

the Aare massive as well as from autochthonous mesozoic sedimentlayers and some subhelvetic cover



rocks (see figure 3). Mineralogically, the infrahelveticum consist of oldcrystalline gneiss and slate as well
as granitic intrusive rock which was formed 300 million years ago. According to the classification, the
area between Gurtnellen and Schollenen up to the Fellital, including the Goscheneralptal and northern
Furka region belong to the central Aare granite. The study site is characterized by biotitegranite with

some green-colored feldspar (Bernasconi et al., 2011; Spillmann et al., 2011).

Geologisch-tektonische Ubersicht
1: 200000

Helvetikum

Sid. und Witrahelvetikum
Gonbard- Masiin

Aetende-Granit s 1.
Wistprharn- und Cheeiola-Gaanit sparvarissiseh

Gamuboden- und Fibbis-Granigneis.

Variszische Intrusiva

Zeniraler Aare-Granit: gieich- i ger Biotigranit, mit £.T, schwach
granlich geférbron Foldspiien (ca. 238 Ma)

=== Rogionale Bruch- bew. Mylonitzong
Atlasblatt Urseren

Lokaler Bruch, Schorzone
=+ (berschiebung 1. Ordnung

Tektonisch Gberpragter Kontakt

Figure 3: Map and legend of the geology of the Géscheneralp region (map.geo.admin.ch, 2021).



2.4 Snow avalanche records

Snow avalanche records of the area were retrieved on the one hand from the canton Uri, which provide
a detailed listing of past events across the whole canton on request. On the other hand by the WSL
Institute for Snow and Avalanche Research (SLF), which offered a small Geodatabase of the events at

the study site Sulz. Following in table 1, a small register of the events:

Snow avalanche records for the study site

Year Event Date Information

1951 Sulz Jan. - Feb. Snow avalanche winter, multiple ones along the
whole valley

1969 Sulz 04.05.1969 Snow avalanche crossing the river and surging
30m high on the opposite slope

1970 Sulz, Hutzgen 10.03.1970 Big snow avalanches at both slopes

1975 Sulz, Hutzgen 06.04.1975 Snow avalanches at both slopes crossing the river
and surging 90m high on the opposite slope

1999 Sulz, Goscheneralp Jan. - Mar. Snow avalanche winter

2003 Slope opposite Sulz 06.02.2003 Powder avalanche stemming from across Sulz,
possible interference

2018 Hutzgen Jan., Mar. Possible damages at Sulz from Hutzgen snow
avalanches

2019 Sulz 04.04.2019 Snow avalanche without damage to infrastruc-
ture

2021 Sulz April Big snow avalanche

Table 1: Snow avalanche records of the study site Sulz, and some additional events nearby.

2.5 Tree species

The two main tree species sampled for this thesis were the silver birch (Betula pendula Roth) and the

mountain pine (Pinus mugo Turra).

The silver birch grows all over over Europe and can be found in abundance, due to their thriving seed
production. The birch may grow up to 30 m and reach an age of around 90-110 years. Due to its
winter hardiness, it can also be found in higher elevations than other deciduous trees, but is vulnerable
to colder winds and drought. Moreover, the birch tree is a pioneering species. Therefore, especially
during the early stages, it can be found in snow avalanche slopes (Beck et al., 2016). Notable is the
striking white bark interspersed with darker querlenticells, this plays a major role in terms of surface
temperature of the birch (Roloff et al., 2010).



Figure 4: Silver birch (B. pendula) Figure 5: Mountain pine (P. mugo)

The mountain pine, sometimes also dwarf mountain pine, is a rather creeping species. Though it is
able to reach heights of up to bm, usually it is constrained to around 1-2m in growth. The pine may be
found predominantly in the Eastern Alps and is endemic to Southern and Central Europe. The species
may grow quite old, reaching 150-200 years and in some rare cases even 250-300 years. Branches and
trunk are very resistant to cold weather and disturbances such as snow avalanches (Bebi et al., 2009),
therefore, also thriving in higher altitudes. In contrast to the green alder (Alnus viridis Chaix), which
also grows in similar spots (Biithlmann et al., 2014), the mountain pine is preventing soil erosion and
serves as protection from snow avalanches. Due to its slim and slow growth it is rarely cultivated
(Alexandrov et al., 2019; Monteleone et al., 2006).



3 Theory

3.1 Dendrochronology

The term dendrochronology, sensu stricto, covers all the areas of science where tree rings are used to
date wood, as for example in archaeology (Schweingruber, 1996). Coined from the ancient Greek terms
dendron (8évdpov — tree), chronos (ypdévoc — time), as well as logos (Aéyoc — science), it is the science

of using tree ages.

Before radiocarbon dating became a prominent method for precise age determination, the dating of
tree rings was the sole method to determine the age of a tree. With this method, the outermost tree
ring is used to date the tree, since it displays the last growth period before felling. Prior to that being
discovered, structure and variability of tree rings as well as visible influence of mechanical impacts were
studied and described. In the beginning of the 20th century, the American Andrew Ellicott Douglass
was the first to establish a method upon realizing there were similarities in tree ring growth in different
trees from the same area. As a consequence, he successfully cross-dated a dead stump to nearby trees
using his tree ring chronology. It was therefore also possible, to date other trees and events from
unidentified ages. In further studies, Douglass successfully extended his tree ring chronology and thus,
it was possible to accurately date several sites under examination, such as the famous dating of the
Pueblo ruins as well as the Mesa Verde in Colorado. Hence, dendrochronological age determination was
accepted as an absolute dating method and still serves as a pillar for age determination in geosciences
(Géartner et al., 2013b; Taylor et al., 1992).

Dendrochronology is often paired with archaeology (for example the age determinations at the neolithic
site Pfyn in Niederwil) as well as climate reconstructions. Using tree rings to gather more information
of past glacial coverages and fluctuations, remains a vital part of scientific work with tree rings. In
addition, dendrochronology is used together with ecology leading to dendroecology, studying the joint
effects of tree rings coupled with climate, geomorphology, tectonics, snow mechanisms and other envi-
ronmental sciences (Gértner et al., 2013b; Taylor et al., 1992). A more eccentric approach involves the
dating of musical instruments. As for example to provide provenance and minimum age of a Stradivari

violin, adding to the importance of dendrochronology across all branches (Cherubini, 2021).

3.2 Dendrogeomorphology

Differently to the previously defined term of dendrochronology, morphology, according to the Merriam-
Webster Dictionary, is the study of structure and form. Geomorphic mass movements such as land-
slides, rockfall and soil creep influence growth and vitality of trees. Dendrogeomorphology therefore
concerns itself with dendrochronology and plant ecology in combination with geomorphic events (But-
ler, 1987; Géartner et al., 2013b).



3.2.1 Trees and disturbances

Common indicators of geomorphic processes are altering the growth, resulting in reaction wood and
eccentric growth. Further signs are tilting, scars and injuries, burying and exposure of stem and
roots. These disturbances are referred to as growth disturbances and are common in areas with snow

avalanches, rockfalls, landslides and other geomorphic events (Stoffel et al., 2014).

Injuries caused by rockfall or snow avalanches may lead to open wounds or even breaking of a branch
or stem (see figure 6). The tree reacts by compartmentalizing the wound and the production of callus
tissue, overgrowing and closing the wound. Another reaction is the formation of traumatic resin ducts
(TRDs). These are tangential rows in which resin is formed. Resin being toxic to fungi and insects as
well as having mechanically defensive properties (Krokene et al., 2008). TRDs can be formed quickly
and resin transported to the injured part of the tree. The formation of the TRDs may reconstruct
disturbance events during the year, this is however contested and not applicable to all tree species,
especially with appliance to the growing season (Gértner et al., 2009; Stoffel et al., 2014). Unfavourable
growth conditions may lead to totally, locally or partially missing rings in a tree. Missing rings most
frequently originate from drought, however, also stem from late and early frost or heatwaves and
can therefore be interpreted as disturbance events stemming from multiple reasons (Bréuning et al.,
2016).

[A]

Figure 6: In [A], uprooted and broken trees (Carrara, 1979, p.778). In [B], tree injured by debris or
other disturbance (Schweingruber, 1996, p.185).

Trees in the mountains are heavily impacted by snow avalanches, altering growth and vitality of a tree
in a long term. Next to snow avalanches, trees may also be impacted by creeping snow or simply snow

pressure. Snow avalanche always take place in the dormant season, therefore the disturbances can only



be assessed in the following growing season (Luckman, 2010). Snow avalanches (see also figure 7) often
exhibit a strong effect on the function and structural integrity of a forest situated in high mountains.
Disturbed forests also have benefits for biodiversity and provide unique habitats, whereas the structure

influences the protective qualities (Bebi et al., 2009; Schweingruber, 1996).

Figure 7: Snow avalanche in action at the study site during spring 2021. Video by Seraina Wicky,
2021.

10



3.3 Tree growth

Trees, in general, tend to exhibit growth by for-
mation of rings. As a differentiation, primary
growth is when the stems and roots grow in
length. Secondary growth, increase in thickness,
is shown to have been developed by trees dur-
ing the Devonian period, some 400 million years
ago. Growth happens in shoot, stem and root
usually not at the same time. Starting in the
twigs, proceeding to the stem, and then extending
to the roots. The cambium (also vascular cam-
bium), which consists of living cells, produces,
through cell division, phloem outwards and xylem

inwards. The xylem, which acts as wood cells,

Phloem

Figure 8: Thin section depicting the cambium as
well as phloem growing towards bark and xylem
growing towards pith (Gértner et al., 2013b, p.92).

can then be distinguished as the annual tree growth. This then marks the annual vegetative period,

which in the temperate zone restricts from from late spring to fall. Restrictions for tree growth are

given by species-specific growth patterns, altitude and geographical location and weather influences,

which can be summarized as environmental conditions. Whereas in tropical regions trees tend not to

build annual year rings due to almost non-existent seasonality, in temperate to dry climates seasonality
leads to the formation of annual rings. (Butler, 1987; Fritts, 1976a; Gértner et al., 2013b; Schweingru-

ber, 1996; Stoffel et al., 2008).

Growth s ]-l Latewood

direction 1 i.

Figure 9: Thin section of Larch (Lariz decidua Mill.)

showing early- and latewood in annual rings.

3 Annual ring
Earlywood

11

Trees form different amounts and sizes of
cells during the vegetative period. Conifers
are producing larger tracheids during the
start and get smaller to the end of the veg-
etation period, also exhibiting thicker tra-
cheid walls. In angiosperms, tracheids are
larger in the beginning of the vegetative pe-
riod and get smaller to the end of it. This
difference in size and thickness of tracheids
can be differentiated into earlywood and
latewood. The former growing during the
spring and early summer months, whereas
the latter builds up in late summer and fall.
Earlywood cells, with their larger lumen and
smaller cell wall thickness, are responsible
for the nutrient and water transport. Late-
wood cells, with their smaller lumen and
much thicker cell walls, contribute mainly
to the stability of the tree. The size of the



cells in the cambium is influenced by ecological conditions such as weather (Gértner et al., 2013b;
Rathgeber et al., 2016; Schweingruber, 1996; Smith, 2008).

Trees growth also depends on the environmental conditions. On the one hand, the tree is responsive
to the energy and water balance given at a particular location. Changes to these long-term balances
affect the tree and can be inferred from tree-rings. Furthermore, site-specific factors such as topography,
substrate, elevation and orographic exposure influence the individual tree growth to a large extent.
For example, in alpine environments, the temperature acts as a limiting factor, having an impact on
the length of the growing season (Carrer et al., 2007). On the other hand, biotic influences stemming
from living organisms also shape the growth of a tree. Lastly, climate influences the long-term growth

and the frame conditions of tree growth from early on (Fritts, 1976b).

3.3.1 Reaction wood

When a tree is disturbed, for example tilted or bent, the tree reacts by forming reaction wood, in
order to regain its vertical position. This is tension wood in angiosperms and compression wood in
gymnosperms (Schweingruber, 1988; Stoffel et al., 2008; Wilson et al., 1977).

Upslope

Downslope

Figure 10: In [A], compression wood of mountain pine (P. montana), distinctly visible on the lower
side of the disc. In [B], image of Poplar species showing normal wood (1) as well as tension wood (2)
after Coutand et al., 2004, p.21.

Deciduous trees form a larger ring on the upper side of the direction in which the trunk is tilted to,

pulling themselves upright. This tension wood is only distinguishable on cross-sections by a sheen
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from normal wood. Also, most angiosperms produce a gelationous layer (G-layer) inside the fiber cells,
better discriminable from normal wood. If the G-layer is not present, increased cell-wall thickness and
different anatomical structures of the entire ring are exhibited. Since the identification and recognizing
of tension wood in angiosperms is challenging and labour intensive, most reconstructions of events are

done with species that display compression wood (Gértner et al., 2013b).

Heinrich et al. (2008) bent two angiosperms species mechanically to different angles and examined
the effects in the tension wood. The more bent the tree was, the more intense tension wood was
formed. Additionally, growth increments on the opposite side were also smaller than in less bent trees,
leading to even more eccentric growth. Differently to tension wood, compression wood is formed on
the lower side of the tilted trunk, pushing themselves upright. Cell walls are much thicker as well
as more roundly shaped. Normal cells,in comparison, show larger intercellular spaces and are more
quadratically shaped. This appears in often larger and darker compression wood rings for years with
lots of disturbances (Carrara, 1979; Géartner et al., 2013b; Schweingruber, 1996; Wilson et al., 1977).
Mostly, reaction wood is used to date disturbance events, however it cannot be definitely determined
if the reaction is from the actual year of the disturbance, since damages may remain for years after
the event. Furthermore, several events per year cannot be established by the intensity of the reaction
wood (Casteller et al., 2007). Another reaction to a disturbance event may be that the tree growth
reduces, possibly due to the damage of roots (Stoffel et al., 2008).

3.3.2 Eccentricity

As stated in chapter 3.3.1, a tilted tree is always going to try to regain its vertical position through
reaction wood. As an effect, tree growth changes from concentric to eccentric growth. Eccentricity
being characterized by producing wider rings on one side of the stem than on the other one (Figure
11)(Braam et al., 1987). Usually, other methods such as the dating of dead trees, identifying of
minimum age and analysis of wood anatomy of disturbed trees come at hand at identifying geomorphic
events. More often, the classic method of reaction wood is applied for dating such an event. Tree ring
eccentricity can give an overview over single events of geomorphic events such as a landslide (Burkhalter
et al., 2019; Malik et al., 2016). Furthermore, using eccentricity in landslide analysis, as a method to
detect past events, appears to be a sensitive method (Silhén, 2019). In a study set in a dune setting,
Koprowski et al. (2010) showed that in sand burial of Scots pine (Pinus sylvestris L.), trees showed
eccentricity years ahead of compression wood formation. Therefore, suggesting that eccentricity may

be more sensitive to disturbances such as sand invasion.
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Figure 11: Eccentricity in trees due to different geomorphic processes. In [A]| no eccentricity, in [B]
upslope eccentricity due to reaction wood on upper side, and in [C|] downslope eccentricity due to
reaction wood on lower side of stem (Wistuba et al., 2013, p. 47).

Eccentric growth in trees has many sources, also occurring all at once. The impact of snow avalanches,
creeping snow as well as general snow pressure, exert a force on the tree, leading to eccentricity in
trees (Schweingruber, 1996; Wistuba et al., 2013). Studies involving eccentricity for snow avalanches
have been done by Casteller et al. (2007), where for prominent snow avalanche years the eccentricity
before and after were compared and events and areas of snow avalanches were determined by also
using reaction wood. Additional studies have been done using eccentricity in combination with other
dendrochronological dating methods to date past snow avalanches (Casteller et al., 2008) and as a
help to distinguish growth disturbances and avalanche activity (Decaulne et al., 2011). Also, wind can
induce stem eccentricity, different to eccentricity in a landslide, by physiologically altering tree growth
as well as showing different patterns by shifting the direction of eccentricity during the years (Wistuba
et al., 2018).
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3.3.3 Eccentricity indices

For this thesis, eccentricity indices were taken directly from Wistuba et al. (2012). These indices have
been used to date landslides and not snow avalanches. However, this approach was used since it does
distinguish between upslope and downslope eccentricity, as well as giving eccentricity values in percent
change. Other studies, such as Casteller et al. (2007), only show eccentricity changes before and after
a snow avalanche event. Hereinafter, the eccentricity indices used will be explained. In (1), a simple

eccentricity index (Fr) of a tree ring is depicted:

Ex(mm) =Uzx — Dz (1)

For each equation z stands for the annual tree ring. Downslope (Dz) radii are subtracted from upslope
(Uz) radii. If the upslope radii are larger (>0), upslope eccentricity is assumed. If the downslope radii
are larger (<0), downslope eccentricity is assumed. Given that the value of Ex is > 0, eccentricity
index of a tree ring (2) in % is given by dividing Ez by Dz and multiplying by the factor 100, in
order to have percentage change. Given that the value of Ex is < 0, eccentricity of a tree ring (3),
in % is given by dividing Fz by Uz and multiplying by the factor 100, in order to have percentage

change.

Eix(%) = (Ex/Dx) %« 100% > 0, (2)
Eix(%) = (Ex/Uz)  100% < 0, (3)
Eix(%) = Ex(mm) =0, (4)

both upslope and downslope eccentricity index in (2) and (3) are explained in relation to the narrower

part of the respective radii. A lack of eccentricity (4) is assumed if Ez=0.

In order to obtain values for yearly change and to date snow avalanches, the difference between the

eccentricity index (Fiz) values for a tree ring in a certain year and the year before was calculated in

(5):

vEiz(%) = Biz — Eirz — 1 (5)
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4 Material and methods

The sampling of the trees represent the fundamental work of this thesis. The following chapter de-
scribes the sampling as well as giving information on quantity, quality and preparation of the samples
for the analysis. Next to that, methods that were used to analyze the data are described. Guidelines
were given by Stoffel et al. (2008), Schweingruber (1988) and (Gértner et al., 2013a).

4.1 Sampling
4.1.1 Samples

The sampling of the trees took place in mid-August and required five days in total. Depicted in
table 2 are all the samples of disturbed trees which were extracted. Since taking samples from trees
influenced by geomorphic events, the pith is placed and, therefore, taking a perfect sample is much
harder (Wistuba et al., 2012). Cores were extracted with an increment corer (5 mm), discs with a

handsaw.

Type | Alive | Dead | Tree species | Year | Total

Cores | 54 0 Birch 2021 54
Disks 40 1 Mountain pine | 2021 41

Table 2: Samples taken from disturbed trees during the sampling trips.

Per disturbed birch tree, two cores were extracted at a height of ca. 1.30m, one from the downslope
side as well as from the opposite upslope side. This was done in order to get the tilting event, hence
it being the axis of tilting. In total, 27 birch trees were sampled with a total of 54 cores. For the
mountain pine, cross-sections were extracted, this due to the fact that taking an increment core often
was not possible due to the rather slim growth. Also, since the mountain pine grows in branches,
usually one bigger branch was sawn off and from there sometimes multiple discs were taken. This was
done since it often displayed multiple injuries, which were interesting to date. This amounts to a total

of 26 different mountain pine tree, rendering the total number of discs from mountain pine to 41.

Trees in the field were chosen according to visible injuries and also to cover a wide area of the slope.
As can be seen in figure 12, many samples are grouped together on the eastern and northern part of
the map. This is due to the fact that both groups bore many injuries and were obviously tilted by
a recent snow avalanche event. Next to samples retrieved from disturbed trees, reference trees were
cored. For the birch, 20 references were cored. Reference trees were sampled perpendicularly to the
slope at a height of ca. 1.30m, with two cores each from the opposite side. This was done in order
to get as little disruption of growth as possible. Given that undisturbed mountain pines are difficult
to locate, undisturbed Norway spruces (Picea Abies (L.) H. Karst) were taken and used to cross-date

the mountain pine samples. A total amount of 20 reference spruces were sampled the same way as the
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birch reference. Reference trees were particularly selected if they bore no visible injuries and preferably
older trees were sampled, the latter however is visibly often not as easy to determine (Gértner et al.,
2013a; Stoffel et al., 2008).
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Figure 12: Location of samples distributed at the study site. Yellow stars represent birch trees, whilst
black dots depict mountain pine trees (map.geo.admin.ch, 2021).

It is suggested by Schweingruber (1996) to include as least 15 trees in order to get a good reference,
therefore, 20 samples were taken. In figure 44 in the appendiz, time line diagrams of the samples
extracted from the birch and mountain pine are displayed. Each bar represents one tree as well as the
dated age. For the birch, the oldest tree is dated back to 1986, whereas the oldest pine dates back to
1963. This shows that the series are quite young. For the analysis, not all cores and discs were used,
since some of them either were of bad quality and/or impossible to date. Therefore, the actual number

of samples used for the analysis is slightly below the quoted values from above.
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4.2 Sample preparation

In order to obtain the age of the individual samples, they first needed to be prepared for analysis.
This section entails the preparation of the increment cores from birch as well as the discs retrieved
from pine, as well as the creation of thin sections. Steps were executed according given to guidance
(Gértner et al., 2013a).

4.2.1 Core and disc preparation

After the core samples were obtained with the increment corer, they were first dried in paper straws, in
order to prevent rotting. Following that, they were placed in plastic holders and labelled accordingly.

The discs were air dried and then labelled on one side.

= R 5L = Reidae |

Figure 13: Labelled core samples placed in plastic holder.

After that, the discs were sanded with sandpaper with decreasing roughness (60 to 320). Thus, the
discs surface was very smooth and the rings could be seen clearly. Generally, the cores are glued to a
wooden support and then measured with a tree ring width program (Schweingruber, 1988). For this
thesis, the cores were first mounted onto the core-microtome. The core-microtome is a device, which
was invented at the Swiss federal institute for forest, snow and landscape research (WSL) to enhance
the visualization of anatomical properties of wood cores as well as to establish an alternative to the
classic sanding method (see figures 14 and 15). The core-microtome is equipped with a blade holder in
which a blade can be fixed and with which very thin (10-20 pm) sections of up to 40 cm in length can
be cut. This is done by firstly fixing the core to a mount and placing the blade in an angle of around
45° to the core, then the mount can be slightly lifted in 10-20 pm steps. With that, layers of wood
can be cut away until the surface is as desired. Since the birch samples used in this thesis exhibit bad
contrast, chalk was added in order to increase the latter. This was done by rubbing the chalk onto
the surface, which had the effect that the cell lumina were filled up and the cell walls stayed visibly
dark. A big advantage of the core-microtome is that the cells of the wood sample are not getting filled
up with swath (as in sanding), as well as having a flat surface (Gértner et al., 2013a; Gértner et al.,
2010).
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Figure 14: Mounted core on the core- Figure 15: The core-microtome and its features in
microtome. detail (Gértner et al., 2010, p.86).

4.3 Thin sections

Tension wood, as already stated in chapter 3.3.1, is hard to identify without producing a thin section,
a microscopic slice of the wood sample usually between 10 and 20 pum in thickness. With this method,
the anatomical features such as the cells and cell boundaries can be examined in detail (Gértner et al.,
2013b). The first step in obtaining a thin section, is to split the core into smaller parts. Then, a
lab-microtome can be used to produce 10-20 pum sections. This because the smaller the core, the easier
it is to produce such a section (Gértner et al., 2013a). From there on, a thin slice is extracted similarly
as described in chapter 4.2.1 with the core-microtome. After the thin section is placed upon a glass

carrier, glycerin is added in order to prevent the drying of the sample.
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W

Figure 16: Equipment used to stain and rinse a thin section.

From there on, the thin section can be stained in the laboratory chapel shown in figure 16. Firstly,
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the thin section is covered with a dye-mix of safranin (staining the lignin red) and astra blue (staining
the cellulose blue). After some minutes, the dye is carefully removed with a pipette and tap water.
Secondly, 75% ethanol is used to rinse more dye and water from the section. Followed by 96% ethanol
and ethanol anhydrous respectively. Thirdly, xylol is added, in order to rinse out the leftover alcohol.
As a last step, Canada balm is added. This is done because it preserves and fixates the sample for a
long time. Given all these steps were done carefully, a glass cover is placed on top of the thin section
and cautiously pressed onto the sample - successfully driving out air bubbles. In an ultimate step,
the samples are placed in an oven (60°C) for the purpose of drying. After 24-48 h the sample may be
removed from the oven and be reviewed under a microscope. Sometimes some Canada balm has to
be scraped of the glass so that a clear view is given (Gértner et al., 2013a). Thin section can also be
scanned with a special scanner made for anatomical analysis. The thin sections created in this thesis

will be reviewed in the results section .

4.4 Measurement

The step after preparation is done is to measure the tree-ring widths. For this reason the samples first

have to be digitally available. This sections explains the measurement of tree-ring widths.

4.4.1 Skippy

Figure 17: Picture of Skippy at the WSL.
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After the sanding of the discs and the cutting of the cores was done, the samples were photographed
using Skippy (see figure 17). This prototyp was developed at the WSL by Loic Schneider and Holger
Gértner and is used to make multiple pictures of samples which can then be stitched together. A camera
(here a Canon SLR) is mounted atop a frame. The core can then be placed on the moving platform.
By help of a program of the same name, a picture can then be taken each x spacing and subsequently

each picture can be stitched together (see figure 18), using a program such as PTGui.

Figure 18: Stitching together the core in PTGui.

4.4.2 CooRecorder
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Figure 19: Screenshot of CooRecorder displaying a mountain pine sample with the tree rings dis-
tributed.

The measurement of the rings was done using the tree-ring width measurement software "CooRecorder"

by Cybis Elektronik Data AB. The analysis of the tree rings is the fundamental work of many
dendrochronological studies and therefore indispensable (Speer, 2009). CooRecorder offers a high-
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resolution image analysis with an intuitive placement of rings for discs and cores (Maxwell et al.,
2021). An image, such as the stitched image from figure 18, can be loaded into the program. From
there on, the image resolution can be calibrated via a beforehand prepared calibration sheet. Ensuing,
rings can be placed according to the corresponding year-ring boundaries (see figure 19). This results
in a .pos-file, which holds the placements of the rings in connection to the image. Next to placement,
CooRecorder also offers some options of comparison between cores of a tree and displaying some

statistics such as the "Gleichldufigkeit" and a t-value.

4.5 Cross-dating

Figure 20: Schematic of cross-dating different trees. By use of bridging technique, different trees can
be linked together into a chronology (Schweingruber, 1988, p. 51).

Cross-dating of trees was done after the tree-ring widths of each tree were recorded by CooRecorder.
Generally, a sample of unknown age is dated against a master chronology, in which then visually and
statistically the sample can be cross-dated into relation. As for example depicted in the classic portrayal
in figure 20. Measured tree-ring widths are overlapping with a known chronology and, therefore, can
be assigned correctly, also known as bridging technique (Schweingruber, 1988). In this thesis, rather
than comparing samples to a known existing master chronology, samples were cross-dated among each

other as well as to the obtained reference chronologies.

The analysis of the tree-ring widths was done with TSAP-WIN;, a software programme made for that
purpose, mainly used here to graphically compare the curves visually for "Gleichlaufigkeit" (see figure
21). Missing rings were inserted where necessary in CooRecorder and then checked again in TSAP-
WIN. Due to the trees at the study site being rather young, cross-dating with the common methods
is rather not suggested. For example, the oldest sample in the birch reference is dated to 1953, which

is a rather young timeseries. For the disturbed birch trees the oldest tree is dated to 1986, whereas
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Figure 21: Plot of mean birch reference trees displayed in TSAP-WIN.

in the mountain pine samples, 1963 is the oldest. Longer timeseries are beneficial for cross-dating of
trees, generally long-lived species are used for that purpose. Young trees are more often influenced by
environmental conditions and, therefore, more erratic and much harder to crossdate, often also due to

very irregular ring-width characteristics (Bétz et al., 2016; Tonelli et al., 2020).

Figure 22: Close-up of several mean reference birch tree exhibiting "Gleichlaufigkeit" in years 2006-
2010. The yellow line is the overall mean of the reference birch trees.

In their paper, Tonelli et al. (2020) worked with 734 young European black pines ( Pinus nigra Arnold)
with a similar tree age range (1960-2015) as in this thesis. For given trees, statistical parameters were
calculated and two methods to test cross-correlation were applied. They concluded that even though
it was possible to cross-correlate a large part of the samples correctly (47%), many samples had to be
discarded. Further, they add that in order to get a good result a high number of individuals should be
sampled. For example, in one site composing the whole dataset, only 8 out of 20 trees were selected
due to bad inter-correlation. Since this thesis only concerns with few samples as well as generally
very young individuals, trees were cross-dated visually. This is shown in figure 22, where a visual
"Gleichlaufigkeit" was achieved for nearly all of the sampled trees of the birch reference (here only a
small selection). This was also done for the other samples, since the problem persisted to be the same.
One possible approach could have been to compare intra-annual density curves to each other, as has
been shown to be successful in cross-dating young trees (Raden et al., 2020), this would however have

been quite laborious and possibly go beyond the scope of this thesis.
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4.6 Eccentricity and threshold calculation

The thresholds for the eccentricity values were set as follows, a total of six different thresholds were
calculated, as displayed in table 3. Firstly, the same formula as in chapter 3.3.3 were used in order to
calculate Fz, Eir and vFiz. For threshold 1 & 2, cores A and B were taken as upslope and downslope
respectively. Core B was taken as Uz, whereas A was taken as Dz in order to get Fz. From there
on, Fix and vFix were calculated via the formula. Threshold 1 uses the mean of all years of vFiz in
order to get positive/negative values. A column with positive and negative means was formed, from
which on the mean of all those values was computed. The final value was then calculated by either
adding the standard deviation to the positive mean or subtracting the standard deviation from the
negative mean. This resulted in either a positive or negative value per year. Threshold 2 uses the same
calculation as threshold 1, with the exception that not the mean but the median was calculated. This
too then resulted in the creation of one positive/negative value per year. After that, the positive and
negative values from each year were summed up, which resulted in one mean value for each positive
and negative. The appendix includes the calculation of the eccentricity in Microsoft Excel. This might

serve as a better understanding.

Threshold 3 & 4 were calculated in the same manner as the previous two thresholds were. Threshold
3 also was calculated via the mean whereas for threshold 4, the median was calculated. The only
exception is that for the calculation of Ezx, core A and B were flipped, meaning upslope and downslope

were reversed, which resulted in different values.

Number Positive |%] | Negative |%] | Calculation Type
Threshold 1 56.78 -59.43 mean
Threshold 2 51.81 -45.90 median
Threshold 3 65.33 -50.31 mean
Threshold 4 40.98 -46.22 median
Threshold 5 29.57 -33.98 first quartile (Q1)
Threshold 6 31.56 -32.57 third quartile (Q3)

Table 3: Different thresholds that were calculated. The last column shows how the data from vEix
was calculated in order to get the values.

Finally, threshold 5 & 6 were calculated by also using the values for Ez from thresholds 1 & 2. Instead
of utilizing the mean and median of vFix, quartiles were taken. For threshold 5, the lower quartile
(Q1) of the values was taken. This means that 25% of the data is smaller than this value, the value is
defined between the median as well as the smallest observation of the data. For threshold 6, the third
quartile (Q3) of the values was taken. This means that 75% of the data is smaller than this value. It
is calculated to be between the highest number and the median of the data. Those two measures were

taken since it provides a certain overview over the range of the data.

The eccentricity values from the birch trees were calculated with the formula presented in chapter

3.3.3. Accordingly, values for Ez, Eiz and finally vFiz were computed. In a next step, each value (in
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%) for each year and tree was tested to be either above or below the specified threshold. If one or
the other was true, an eccentricity event was noted and and marked with either negative or positive
eccentricity. This is presented fully in the results chapter, in figures 23, 24 and 25. Additionally, means
of yearly vFiz values of trees were taken (if at least 3 observations) and the same thresholds as above
were applied. This resulted in figures 26, 27 and 28. In contrast to applying the threshold to each vFiz
value from each tree for each year, this approach applies the threshold visually to the mean curves for

the eccentricity values per year.
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5 Results

The following section will present the results obtained by the analysis of the samples. Not all the plots

and data are shown here, for more see the appendiz at the end of this thesis.

5.1 Eccentricity figures

This section shows the birch eccentricity plots which were produced with R Studio (RStudioTeam,
2020). A more detailed explanation of the calculation can be found in chapter 4.6 as well as some
theory in chapter 3.3.2. In the three following figures, eccentricity events exceeding the respective
thresholds are presented. An event was noted if it was larger respectively smaller than the specified
thresholds. On the x-axis the years are depicted, whereas on the y-axis the number of events are
shown. For each year, two bar graphs are plotted showing upslope (red, left-side) and downslope (blue,
right-side) eccentricity. In total 23 birch trees were used with the oldest tree dated back to 1986. Below

each graph, above the x-axis, the number of trees per year is depicted.

26



Upslope/downslope eccentricity events per year

Threshald 1

Type
4 B esone
.mbﬂ
.
=
5
g ‘
-
A
-
Pt
’
il e S s 7 9 10 11 11 12 13 15 16 16 16 19 20 20 22 22 22 22 23 23 23 23 23 23 23 23 B3

= =

§~§§h§.§£;-€#‘§§ﬁ$c‘9‘$-§ﬁaxﬁekbé‘?{e.{ffn‘
Vear

oy

§ &£ £ &8 F 8 ¥

Figure 23: Eccentricity events in sampled birch trees exceeding threshold 1.

Above in figure 23, eccentricity events exceeding threshold 1 are depicted. The oldest event was dated
to 1991. For the 23 trees used in the analysis, there is not always a signal exceeding the threshold.
Overall there are less events from 2000-2005 and from 2013-2016. Since disturbed birch trees exhibit
tension wood, upslope events are looked at specifically. Clear signals, meaning spikes in upslope
values, can be assessed in years 1999, 2000, 2006, 2008, 2010, 2012-2013 and 2019-2021. Large spikes
in downslope events can be seen in years 2001-2003, 2007, 2011, 2017-2018. Particularly large upslope
events are in 1999, 2010, 2019 and 2021, whereas particularly large downslope events are in 2011 and
2017.
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Figure 24: Eccentricity events in sampled birch trees exceeding threshold 4.

In figure 24, events are displayed exceeding threshold 4. The positive/negative threshold is markedly
smaller than depicted in the previous figure (see table 3). The oldest dated event is listed in 1989,
with the oldest tree dating back to 1986. A trend is harder to spot but noticeably more upslope events
are shown. Many upslope events can be noted in years 1999, 2003-2004, 2006, 2008, 2010, 2012-2013,
2016 as well as from 2019-2021. Downslope events are numerous in years 2001, 2007, 2011 and 2017.
In particular large upslope bars can be seen in 1999, 2008, 2010, 2012, 2021 while many downslope
events happened in 2011 and 2017.

28



Upslope/downslope eccentricity events per year
Threshokd

Type
- . upsioe

..m[lh“.h“lMm

202 23 3 5789 W 11 1213 15 16 16 16 19 20 20|22 23 23 23,23 23 23 23|23

Everts

-

-

> S

> b % * 2 o8 -
F & F F & & & § &

By, -

IR RS EEFNEE NN
Wear
Figure 25: Eccentricity events in sampled birch trees exceeding threshold 5.

As shown in table 3, threshold 5 is much smaller than the previous ones. Therefore, more events can
be seen in figure 25. The oldest dated event is from 1989. Trends are similar to the already presented
plots above. Many upslope and downslope events are visible in the end of the x-axis. Prominent
upslope years can be detected during 1999, 2006, 2008, 2010, 2012, 2016 and 2019-2021. Especially
the years 1999, 2010, 2012 and 2021 are standing out. Prominent downslope events can be observed
in 1998, 2007, 2009, 2011 and 2017 with the most striking in 2011 and 2017.

29



Differently than in the previous three figures, the following three figures depict also events exceeding
the same thresholds. However, here the eccentricity values were averaged and plots with the mean
eccentricity per year were drawn. See also chapter 4.6 for a more detailed explanation. On the x-axis,
the years are depicted, on the y-axis, vEiz is shown. If the curve passes the positive/negative line then
an event leading to more eccentricity is assumed. Similar as above, the oldest dated birch stems from
1986 and altogether 23 trees were used for the analysis. Below each graph, just above the x-axis, the

total number of trees per year is depicted.

Eccentricity of birch samples
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Figure 26: Eccentricity events of birch trees being marked by horizontal lines. Here, threshold 1 is
used.

Events exceeding threshold 1 are shown in figure 26. Upslope eccentricity events exceeding threshold
1 can be observed in years 1999, 2004 as well as 2021. Downslope eccentricity events cannot be

distinguished in any of the years, due to none of the events exceeding the threshold.
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Eccentricity of birch samples
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Figure 27: Eccentricity events of birch trees being marked by horizontal lines. Here, threshold 4 is

used.

Events exceeding threshold 4 are shown in figure 27. Similarly as in the previous figure, upslope events

can be distinguished in years 1991, 1999, 2004, 2019 and 2021. Downslope events can be observed in
2003 and 2011.
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Figure 28: FEccentricity events of birch trees being marked by horizontal lines. Here, threshold 5 is
used.

In figure 28, eccentricity events exceeding threshold 5 are presented. Upslope event years can be
marked in 1991, 1999, 2004, 2010, 2012 and 2019-2021. Downslope events can be seen in 1998, 2003,
2011 and 2017.

Even though the oldest birch tree used for the analysis and the last six depicted plots is dated back
to 1986, the eccentricity index starts at 1988. This is due to one tree, dated back to 1986, not having

the same amount of tree-rings, respectively lacking the resolution due to damage whilst coring.
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5.2 Eccentricity and compression wood area analysis
Eccentricity events from the east side of the study site
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Figure 29: Birch upslope and downslope events at sites eastern and northern to the slope. Groups
were selected with eight to the east respectively nine birch trees north of the study site.

Figure 29 depicts upslope/downslope eccentricity events containing nine trees each. One group on the
east [A] side of the study site and the other group northerly [B| of the study site. The graph is the
same as in figure 35, also using threshold 4. As can be seen, generally more events are visible in [A]
than in [B|. Furthermore, upslope events on the eastern side are prominent in years 1997, 1999, 2004,
2010, 2012 as well as from 2019 to 2021. Downslope events are visible in years 1996, 2001, 2011 and
2018. Upslope events on the northern side of the study site can be assessed in years 2008, 2010 and
2012 with prominent downslope events in 2011, 2017 and 2020.
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[A] Compression wood in mountain pine from the east of the study site
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[B] Compression wood in mountain pine from the north of the study site
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Figure 30: Compression wood in mountain pine sampled in two groups. Groups were selected with
nine and eight trees per group. The first group is clustered to the east, while the second is located to
the north of the study site.

Similarly as in the previous one, figure 30 depicts two groups, containing nine and eight trees. The
first one is located on the eastern [A] side of the study site, whereas the lower one is made up of trees
northerly [B| of the study site. Compression wood was dated visually, same as in figure 32. Generally,
more events are recorded in [A] than in [B]. Prominent compression wood years in the group on the
eastern side are 1991, 1997, 1999-2000, 2007, 2010 and 2019. In the northern group, compression wood
can predominantly be found in years 2000, 2007, 2012, 2014 and 2019-2020.
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5.3 Birch injuries

Amount of visible injuries in birch samples

For 24 irees

o » 5 » » A & & o . > & : s o . o e B
s K- & F = = L ® =
¢ &

Year
Amount of visible injuries in birch samples divided by cores from upsiope/downslope
For 24 trees

Mumber of injures

Type

I oncoe

[ [p——
¢
| J
"'....22.:;3.3.5? .111112131515151519202022222222232323232323232323
§ §§ 5885584828 ' FEFTS S § T FFsFdTeaseds

Year

Figure 31: Injuries in birch trees, depicting total amount of injuries above and separated in upslope
and downslope below.

In figure 31, injuries in birch trees have been dated visually and plotted accordingly in the upper part
of the figure. In the lower part, the injuries are split between upslope and downslope, meaning that
the injury was either found in an upslope core or downslope respectively. Firstly, peering at the upper
graph reveals that more injuries happened during the years 2005-2010, as well as some in 1997-1998
and one peak in 2017. If compared to the upslope/downslope graph below, injuries during the years
2005-2010 seemed to have happened predominantly affecting the upslope side, shifting to the downslope
side from 2007-2009. Other peaks in 1997-1998 seem to be balanced equally, similarly with the peak

in 2017. In total, 24 trees were sampled and used for the analysis.
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5.4 Pine compression wood

Compression wood in mountain pine with wound reaction
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Figure 32: Compression wood observations made in mountain pine samples. In blue the amount of
wound reactions in absolute numbers in samples.

In figure 32, compression wood found in mountain pine samples is depicted. The compression wood,
often exhibited for many years in a row, was dated visually. Just above the x-axis the total number
of trees per year is depicted. In total, 24 pine trees were used. Moreover, the number or records
incorporate all found compression wood in all samples. This means that even if a tree had several
samples taken they were counted as well and added to the total number in that year. The oldest tree
is dated back to 1963, with only very few trees being older than 1980. As for example, 13 trees were
used in 1994, compared to only 5 trees in 1985. In 1999, 19 trees were used, whereas from 2010 on,
all of the 24 were used for the analysis of compression wood. Therefore, observing a trend in the data
is rather hard, due to the uneven number of trees and observations of compression wood. The first
observation of compression wood is from 1971, before that, zero observations were made. If glanced at

in detail, many compression wood peaks can be made out, starting in 1991-1992 on to 1997, 1999-2000,
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2007, 2009-2015 and 2017-2020. Also, in blue, wound reactions, due to a disturbance or injury, are
depicted. These wound reactions were found in the tree-rings and refer to the injury happening in
the year before. Such observations have been made in 1997 with only one event. Furthermore, in
2009-2010 as well as relatively many events in 2013-2015 as well as in single events in 2017-2018 and
some in 2019-2020.
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5.5 Thin sections

i

Figure 33: Two thin sections of birch sampled from upslope.

Thin sections were prepared in order to prove tension wood in birch samples. The generating of thin
sections is explained in detail in chapter 5.5. It was intended to produce thin sections of each birch
tree, however this was stopped due to the samples not exhibiting tension wood. Several trees were
used to make thin sections, not as planned, none of them showed any tension wood in the year rings.
Also, both upslope and downslope cores were made use of. In figure 33, a thin section of one birch tree
is displayed, tension wood would be visible in tightly packed blue cells. Injuries in tree rings, such as

in figure 34, were easy to spot.

Figure 34: Injury visible in thin section from birch sampled from downslope. Depicted is a injury
happening in the end of the growing season.
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6 Discussion

In this section the results of this thesis are discussed. This part is structured into an interpretation

part of the main findings of snow avalanche events and in answering the research objectives.

6.1 Summary of eccentricity events

Firstly, the main results of the eccentricity events of figures 23 to 25 are summed up. Overall, ec-
centricity of trees surpassed the threshold dramatically in years 1999, 2006, 2008, 2010, 2012, 2016,
2019 and 2021. Next to these events, smaller peaks do exist, exhibiting big to large events. However,
here the focus was on the biggest ones. Main results of the eccentricity plots exceeding the thresholds
in figures 26 to 28 are summed up as follows: In general, main upslope events, presumably by snow
avalanches, can be distinguished in years 1999, 2004, 2008, 2010, 2019 and 2021. Years 1991, 2010 and
2012 displayed eccentricity in a somewhat reduced type. Concerning 1991, even though events were
especially registered in the latter three figures, it was generally lacking a clear signal in the first three
figures. This is due to the fact that only three trees were old enough to show signs of eccentricity in
that year, therefore 1991 is discarded. Concerning 2008 and 2010, many events were noticed in nearly
all of the figures, therefore they are added to the main events as well. Additionally, main downslope

events, presumably not influenced by snow avalanches, occurred in years 2003, 2011 and 2017.

6.2 Threshold selection

Six thresholds were calculated in this thesis. After reviewing the different effects each threshold had
on the determination of events, only one threshold was selected. The threshold, which was calculated
from the birch reference, determines from which point on a tree is showing eccentric growth (see table
3 in the methods section). Hence the normal value of eccentric growth for a tree tilted upslope and
downslope in the study site is above or below the specified thresholds. The decision to use on threshold
is based on the fact, that a reasonable amount o events should be identified. Thresholds with too few
and too many events, such as threshold 3 and 6 are excluded. Threshold 1 and 2 are rather similar,
with the exception that threshold 2 depicts more downslope events. However, since the values are high,
only few eccentricity events are identified and thus, both are discarded. Eventually, the choice falls
between threshold 4 and 5. Since threshold 5 is quite similar to threshold 6 and possibly also shows
too many events, threshold 4 is selected as the final one. More on the calculation of this in a later

section.
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Figure 35: Eccentricity events determined using threshold 4. Under the lower figure, the number of
trees per year is shown.

In figure 35, the events determined by threshold 4 are shown again. For a better visualisation and
comparison, they are shown on top of each other (for more details see chapter 5). Both figures are using
the same threshold and do exhibit similar events, with the upper figure being more distinct on when
events have happened. As a result, upslope eccentricity events, likely induced through snow avalanches,
are determined in years 1999, 2004, 2010, 2012, 2019 and 2021. Whereas downslope eccentricity events
can be distinguished in 2011 and 2017. Predominantly, upslope events prevail, which means that radii
of stems were larger on the upper side. Events are likely to be led back to snow avalanches, due to
the reason that the study site is mainly affected by snow avalanches. The next section will discuss the

interpretation of events in detail.
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6.3 Interpretation of eccentricity events

The upper part [A] of figure 35 applies the threshold to each vFEiz value of every tree for each year,
whereas the lower part [B] takes the mean of vEiz and simply applies a horizontal threshold line, in
order to distinguish events. This leads to the question, which one of the methods is more sensible to
use? By simply glancing at the figures, it is visible that both show quite similar peaks, however, there
is some mismatch during the years 2003 and during 2006-2009. Especially 2003 seems to be quite
different, with lots of upslope events displayed in [A] and the opposite shown in |B]. For this part, and
in general, figures applying the threshold to every value of each year of each tree are more sensible
and to be preferred [A]. This is due to the vEiz value being more true to the actual eccentricity in
the trees than the averaged value over all years. Nevertheless, displaying the averaged vFEiz values [B]
does help to visually determine eccentricity. The setting of a threshold is a crucial task. Often also a
rather general view, since the mean value of the reference trees might not reflect well to the sensitivity
of an individual tree. For example, during the the prominent avalanche year 1999 (Eidg. Institut fiir
Schnee- und Lawinenforschung, 2000), not all trees reached the threshold of 40.98, even if neighboring
trees did so. In addition, for the whole series the vFEiz values at times were only slightly above/below
the threshold, therefore, simply adjusting the threshold in order to find a reasonable amount of events
might not lead to the desired result (Burkhalter et al., 2019). Same goes for part |B] of figure 35, where
years 1991 and 2019 are only slightly above the threshold. As a possible solution, fuzzy thresholds
could be introduced. Such fuzzy sets are stemming from statistics. Instead of focusing on if a value is
above or below a threshold, they introduce a gradual crossing from non-member to member (Nachtegael
et al., 2003). This could possibly be applied to include eccentricity values very close to the threshold.
It should be noted that even if no event has been noted by the eccentricity analysis, it does not mean

that no snow avalanche possibly occurred.

Considering [A], if a large difference between upslope and downslope bars exist, one can assume that in
most trees, the upslope tree rings were definitely larger. Thus, an event or process must have happened.
Since birch trees exhibit tension wood, an abrupt increase in growth on the upper side as well as less
growth on the opposite side mark an eccentricity event. In this case, the first year of the rapid increase
is taken as an event year, since the tree might also produce tension wood years after the event occurred
due to ongoing skewing (Burkhalter et al., 2019; Casteller et al., 2007; Decaulne et al., 2011). This
also explains the selection of the events which are classified as snow avalanches. Years 2005-2007 and
2013-2015 show exactly this sort of behaviour, signs of a tree trying to regain its vertical position.
Usually for snow avalanche reconstructions, evidence for snow avalanche damage should be visible in
10-40% of individual trees for a given year (Luckman, 2010). If compared to figure 35 and use the
middle trigger point of 30% of trees, all the set event years can be confirmed. However, this use of an
index is usually not in use in combination with eccentricity and snow avalanche studies. In addition, a
higher sample depth would be highly advisable, in order to identify events (Butler et al., 2008; Corona
et al., 2012; Decaulne et al., 2011). With regard to building a snow avalanche chronology of disturbed
and damaged trees, a minimum of ten trees is suggested, where more is better, of course (Butler et al.,
2008).
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Another question revolves around in what way a downslope eccentricity event can be explained, in
trees, that naturally form tension wood on the upslope side. One explanation of high downslope
eccentricities, such as in 2011 and 2017, could be to balance growth towards vertical growth, after
effects such as snow masses, wind or own weight changed the positioning of a tree (Wistuba et al.,
2013). Possible are also sudden changes through mass-movements in the ground, changing the cardinal
point towards the crown points (Wistuba et al., 2012). Eccentricity may also not occur immediately,
but rather years after an event has happened (Silhz’m et al., 2015). Such could have been the case, since
the area around the Goscheneralp received above normal amounts of precipitation in 2010. Possibly
leading to landsliding in the following year (Zbinden, 2010). Landslides often do not match years with
lots of precipitation (Wistuba et al., 2012). During the year 2011, the northern side of the Alps received
disproportionately low amounts of precipitation (MeteoSchweiz, 2011). Interestingly, the same applies
to the rather precipitation-rich year 2016, which reported mud- and landslides, as well as the rather
below average rainfall during the summer of 2017 (MeteoSchweiz, 2016, 2017). Another approach to

explain the year 2011 is discussed in the subsequent section.

Eccentricity in trees may not only be traced back to a geomorphic event. Influences such as unequal
development of roots and crown as well as moisture deficits can also lead to eccentric growth (Casteller
et al., 2007). Furthermore, trees are also influenced by general snow pressure and creeping snow,
leading to eccentric growth (Schweingruber, 1996). Another problem is, that it is not possible to
clearly reconstruct the intensity of a snow avalanche with reaction wood, especially when multiple
snow avalanches happen during a year (Casteller et al., 2007). A major shortcoming is that the
reconstruction of a snow avalanche may be erroneous, since the event might have happened after the
growing season, only being displayed in annual rings during the following year. Reasoning in that
regard can however rarely be found in the literature. The differentiation if a snow avalanche or a
debris flow has happened, can be made through the positioning of injuries and callus tissue during a
year (Kogelnig-Mayer et al., 2011). Snow avalanche reconstructions, by dating scars, have been done
successfully (Veblen et al., 1994). Therefore, for this thesis, coupling the differentiation between snow

avalanche and landslide would have been useful, and should be included in a similar thesis.

6.3.1 Thin sections

Thin sections of several trees were produced, as described in the results. Proving tension wood in
trees, by identifying the anatomical properties, therefore, would have been helpful. Unfortunately,
none of them showed any tension wood. This then answers the second subquestion of the second
research objective. Thin sections would have been assistant to increase the accuracy of dating of
events (Burkhalter et al., 2019). A thin section, which exhibits tension wood, is depicted in the
appendiz.
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6.4 Comparison to snow avalanche chronology

In this section, the set events will be compared to the existing snow avalanche chronology from the
region as well as discussing reports from the hydrological calendar years. This section also aims to

answer the first research objective, stated in the beginning in chapter 1.1.
Comparison of events from eccentricity and chronology
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Figure 36: Events determined by eccentricity depicted alongside events determined from existing
snow avalanche chronology at the study site. In red are the eccentricity events previously defined and
in blue from the official chronology.

Data on the snow avalanche records at the study site has been gathered from the canton Uri as well
as from the SLF and presented in detail in table 1 in the section on the study site. In figure 36,
the eccentricity events determined by the chosen threshold have been depicted alongside the official
chronology. Upslope eccentricity events, interpreted as snow avalanche events, have been given the
value 1. Downslope events are marked by the value -1. Events from the chronology received the

value 1. If both bars appear right next to each other, snow avalanche events have been noted in both
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datasets. This is the case in years 1999, 2019 and 2021. These are also the years in which upslope
eccentricity was most distinct. Moreover, 1999 was a year with enormous amounts of snow, leading
to multiple snow avalanches in the whole of Switzerland and Europe (Eidg. Institut fiir Schnee- und
Lawinenforschung, 2000). Next to this, 2019 and 2021 both are exceptional snow avalanche years,
as can be inferred from reports by the SLF (Zweifel et al., 2021, 2019). A large snow avalanche at
the study site can also be seen in the theory section in figure 7. Years 2010 and 2012 have been
noted in the eccentricity analysis but no records exist in the snow avalanche chronology. This due
to not many records for the study site existing. Also, there is sometimes a bias to list only major
events, which caused considerable damage to infrastructure (Bollschweiler et al., 2011; Corona et al.,
2012). Even though the precipitation amounts for the winter 2009/2010 were on average, the snow
cover composition was unfavourable which led to many snow avalanches during early and late winter
(Etter et al., 2012). The year 2012, in contrast, was very rich in amounts of snow, which led to many
snow avalanches damaging forest and infrastructure (Techel et al., 2013). As can be seen in figure 36,
year 2004 was also determined to show snow avalanches due to eccentricity but is lacking an entry
in the chronology. The peak of the upslope eccentricity (figure 35) is slimmer than in other years.
The SLF report of 2004 describes a rather mixed snow and temperature situation. In the Gotthard
region, many wet snow avalanches took place during May as well as larger dry snow avalanches during
January (Wiesinger et al., 2005). At this point, it has to be cautiously considered if the year 2004
can be counted as an event year. The year 2003 is interesting due to the fact that the chronology
shows a snow avalanche event and the index a downslope eccentricity event. This may very well be,
since a powder avalanche occurred opposite of the study site and presumably affected trees on the
downslope side. Therefore, as a compensation, the birch trees were forming tension wood on the side
of the disturbance. However, this should be taken with a grain of salt, since only part [B| of figure
35 shows a downslope event. There is also a record for the year 2018, with no event from the index.
This can be explained since the snow avalanche occurred at Hutzgen, which lies to the west of the
study site. It was included due to possibly affecting the study site, however, it seems to be spatially
far enough apart from the study site. Year 2011 in the eccentricity analysis shows a downslope event
with no record in the chronology. Hydrologically, the year 2011 was extraordinarily dry. Almost no
precipitation occurred in spring and with an excessive amount in late July (BAFU, 2015). Therefore,
landslides or slope movement could have been the cause of the downslope eccentricity, since a sudden

change of rainfall might have promoted such a process (Handwerger et al., 2019).

As a result of the comparison, the snow avalanche reconstructions done with help of the eccentricity
index can be compared relatively well to the existing snow avalanche chronology. Furthermore, also
smaller events, not noted in the chronology, seem to appear. This may very well be, since only the

largest events tend to be noted in records (Corona et al., 2012).
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6.5 Spatial eccentricity and compression wood analysis

Here, it is discussed if the snow avalanches might have been spatially divided at the study site. Also,

discussing the last of the research objectives.

Firstly, the eastern side of the study site is analysed, represented in [A] in figures 29 and 30. In
general, more events are visible in [A] than in [B], which could imply more disturbances occurred east
than north of the study site. Furthermore, upslope events seem to coincide in years 1997, 1999, 2010
and 2019 with compression wood formation. This could presumably be led back to snow avalanche
events during these years, as partly discussed in the previous section. As already described, accurately
determining compression wood in mountain pine samples is difficult, since it is exhibited nearly in
all years. Years 2004 and 2012 bare quite clear signs in the eccentricity plot but remain vague in
the compression wood. In 2004, many upslope events were noted at the eastern group whereas in
the northern group only some downslope events are marked. Therefore, a snow avalanche possibly
occurred on the eastern side, sparing the northern group, but affecting some trees in that way that
they were tilted into direction of the slope. Year 2021 is quite clear in the eccentricity plots but shows
few signs of compression wood formation. This is similar to figure 32, also not showing any particular
signs. This might be due to differences in the vegetation period of the mountain pine. It may also
be possible, that it is difficult to detect when the ring has not completely been formed. Downslope

eccentricity events cannot be conclusively determined with compression wood formation.

To sum up, snow avalanche events probably occurred at the eastern side of the study site in years
1997, 1999, 2004, 2010, 2012 and 2019. These are events which can be shown both in eccentricity and
compression wood. Other years are difficult to determine, using the same approach. Also, landslide
or slope movements probably affected trees in the eastern group in 2011 and 2018. With the former
more probable, as already discussed. More events were noticed on the eastern side, which leads to the
conclusion that the eastern side is more frequently affected by snow avalanches. In a picture, taken in
summer 2021, it is quite evident that a snow avalanche strongly affected the trees on the eastern side

of the study site (figure 46 in the appendiz).

Following, the analysis of the group on the northern side of the study site, as shown in [B| in both
figures. Years in which both figures show possible events are 1999, 2012 and possibly also 2008. Again,
compression wood analysis offers a very unclear signal, exacerbated by less signals and less trees used.
Eccentricity shows clear upslope signals in 2010, but not so clear compression wood findings. Therefore,
if both eastern and northern groups are regarded, a snow avalanche could have impacted both groups
in 2010. Snow avalanches were probably only influencing the northern group in 2008 and 2010, not
affecting the eastern part of the study site. Though compression wood in 1999 in the northern group
is not as succinct, it surely must have impacted both groups. This due to it being such a heavy
snow avalanche year. A downslope event in 2011 was very similar to the other group, leading to the
conclusion that the whole study site might have been affected by landslides. Further, another slope
movement event might have only affected the northern group, with no clear signs in the eastern group.

Interestingly, 2020 was noted with as a strong downslope event with considerable compression wood.
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In the eastern group this is inverted. Hence, a landsliding event could have impacted only the northern

group again.

To sum up, snow avalanches probably occurred at the northern side of the study site in years 1999,
2010, 2012 and 2008. Prominent downslope event presumably influenced by slope movements can be
inferred in years 2011, 2017 and 2020.

6.6 Compression wood in pine and comparison to snow avalanche events

Most snow avalanche reconstruction have been using reaction wood as a means to reconstruct events
(Butler et al., 1985; Carrara, 1979; Corona et al., 2010; Garavaglia et al., 2011) as well as coupled
with eccentricity (Casteller et al., 2007). Here, compression wood findings (see figure 32) are compared
to eccentricity analyses from the previous sections. It can be expected that, when there was a snow

avalanche event, compression wood should coincide with that.

Events from the eccentricity index match compression wood of pine in 1999, 2010, 2012 and 2019. The
year 2004 is difficult to determine, since a definite peak of compression wood is missing. Similarly
in 2021, where it is possible that the compression wood has not yet been formed at the time of
sampling. In the beginning of the timeline, not many trees were used, possibly adding to the uncertain
determination of compression wood trends. Wound reactions can also be found at times and always
refer to an incident happening in the year before. Of course, a wound reaction could also have happened
in the same year. These injuries correspond well to events of 2012 as well as 2019. Overall, a pattern
is hard to identify, since these reactions can also stem from rockfall in summer and general snow cover
from winter. Injuries were often on small branches of a tree. Furthermore, 1997 seemed to produce
some compression wood also correlating to a smaller upslope event which was however not noted in
the discussion. What can be noted is that the high numbers of compression wood sightings between
2004-2020 are confusing. This can either be due to more trees being used as well as to the mountain
pine not being the optimal species to reconstruct snow avalanches from. This would also explain the
general lack of studies involving mountain pine for snow avalanche reconstructions. Compression wood
determination was difficult to identify visually, because the mountain pine exhibits this type of reaction
wood very frequently. This due to the fact that the tree grows creeping along the floor and often in
snow avalanche paths (Alexandrov et al., 2019). Mountain pines rarely grow straight and are also bent
by smaller slides and general snow cover (Bebi et al., 2009). As a result, the species are quite flexible

and often produce reaction wood.

Adding to this, the samples from the mountain pine were overall very young, which is not beneficial
for dating disturbances (Tonelli et al., 2020). Often, the first 10-20 years of records from a tree are
not taken into account, which would have been detrimental to this analysis. It is also difficult to
determine older events, since traces thereof might have been swept off by more recent snow avalanches
(Luckman, 2010). More often, snow avalanche reconstructions are done with spruce or fir species,
exhibiting a clearer compression wood signal (Corona et al., 2010). Only rarely, studies are conducted

with mountain pine (Muntan et al., 2009). From the results of this thesis, it is suggested to use an
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alternative species than the mountain pine, in order to accurately date a snow avalanche event. To
answer the third research question, compression wood was able to be compared to the largest events of
the eccentricity index. However, it failed to conclusively be used as a means to confirm the eccentricity
events. The initial dating and and cross-dating was challenging, owing to the unclear year ring borders
and uncertain beginning of compression wood formation. Additionally, compression wood findings
show a pattern rather than than the exact findings. Upslope, downslope and at times several samples

of a tree were used to display compression wood.

6.7 Birch injuries and comparison to snow avalanche events

Birch injuries (see figure 31) were dated visually from the high-resolution photographs done with Skippy.
As has been done in studies to reconstruct debris flows by dating injuries in birch trees (Arbellay et al.,
2010), it was expected that injuries might coincide with the determined events by snow avalanches.
However, none of the dated injuries match the dated events. For example, 1999 is an obvious snow
avalanche year, which should have left scars or other marks as a result. Contrasting to this, almost
no injuries were noted as can be seen in figure 31. This could be since the snow avalanche either fully
destroyed certain trees or simply bent them without any visible injuries at the stem. One exception
thereof is the year 2008, which does show some injuries. The eccentricity index (figure 35) does show
some events in [A] but not in |B], also there is no record from the official chronology. Further, mostly
smaller injuries were noted. Overall, injuries seem to have happened rather through rockfall than by
snow avalanches. This due to the injuries appearing primarily often at the end of a ring. This shows
that the injury must have happened during the end of the growing season in summer and, therefore,
more likely by rockfall. This leads to the conclusion that dating snow avalanches through injuries is
not possible at the study site and the eccentricity index offers a better method. This then answers
the second subquestion of the third research objective. This may also confirm that the study site is
strongly influenced through rockfalls in the summer - as can be seen by the many boulders and rocks

in the field (see figure 45 in appendiz).

SNt

Y R
33 Lab W,

L% 3

Figure 37: Injuries in three birch samples. Here, year 1998 is shown with the injury appearing close
to the border of the year ring. Pictures were taken in CooRecorder.

It is possible that scars or injuries are just not visible in the cores taken, due to the injury happening

at a different side of the tree (Arbellay et al., 2010). Moreover, smaller and younger trees might simply
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bend with an incoming snow avalanche and, therefore, not show any visual signs of disturbance such
as an injury (Bebi et al., 2009). This is likely since the trees in this study are extremely young, the
oldest birch is dated to 1986.

6.8 Calculation of thresholds

The threshold certainly represents one of the most important aspects of an eccentricity analysis. Deter-
mining how high or low the threshold is, decides where event years took place and serves as backbone
of a study revolving around reconstructing landslides, mud flows or snow avalanches. Contrasting to
this, the calculation or determination of thresholds are rarely discussed in detail. For the most part,
the standard deviation is added to the mean of the positive/negative eccentricity, which results in one
value each (Malik et al., 2016; éilhén, 2019; Wistuba et al., 2012; Wistuba et al., 2013; Wistuba et al.,
2018). Other studies define a threshold without much discussion, sometimes also using a different
eccentricity analysis (Casteller et al., 2008; Casteller et al., 2007; Garavaglia et al., 2011). Also, most
often in the literature, reference trees were cored parallel to the slope inclination, same goes for the
disturbed trees. Here in this thesis, reference cores were extracted perpendicular to the slope. In an
optimal setting, reference trees are selected growing straight and undisturbed. Since the study site is
located in a mountainous and narrow valley, finding such a reference is indeed very hard to impossible.
Therefore, taking cores parallel to the slope for the reference might have been more useful in order
to distinguish events and build a better threshold. However, landslides and slope movement cannot
be fully accounted for when distinguishing events. This due to it being very hard to determine in a

natural environment which is influenced by many processes at the same time.

Focusing again on the calculation. Threshold 4 was calculated by taking the median instead of the
mean. Under normal circumstances, the mean is more accurate in portraying the actual value for a
group of samples. [ argue that since the reference is not located in a totally undisturbed spot, the
median is a more sensitive method, due to it being less susceptible to outliers. For example, mean
reference eccentricity for year 1994 is 51.52 whereas the median is -7.28. This discrepancy is due to
two trees, used to calculate the mean, exhibit extraordinary high values. This is enough to obscure the
threshold and render it quite much higher in total. The calculation by mean for threshold 3 results
in -50.81 and 65.33 whereas the calculation, with the same base values, for threshold 4 lie at -46.22
and 40.98. Consequently, the median may give more applicable results, especially in high disturbance
environments such as at the study site. In environments where reference trees are growing undisturbed

and outliers in eccentricity are very seldom to be found, the mean may be the preferable method.

As already mentioned, most of the literature is calculating threshold values by taking the mean and
the standard deviation. In almost all cases however, the precise calculation of the threshold is missing.
It is not entirely clear if the positive/negative values are calculated by taking the mean and standard
deviation for all the positive and negative values. Or if instead the values per year are averaged and
then the positive/negative values are taken together with the standard deviation as final values. Since

the threshold is very essential to every eccentricity analysis, it would be very helpful to reveal the exact
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calculation of positive and negative threshold values. As has been done in this thesis (see eccentricity
calculation in chapter 4.6), the mean (or median) of every year was taken and if it was positive, added
to the positive value column. Same goes for the negative values. This produced two columns, where the
individual eccentric value of a tree perished in light of one averaged value. This might be reasonable in

samples which are very uniform but seems artificial if the stand is even only slightly dissimilar.

Together with the discussion on the other thresholds, this subsection answers the second research
objective. Threshold 4 seems as a reasonable choice to use to determine event years of snow avalanches.
A different threshold may still show the largest events, but might however also produce too many event
years. In the end, the threshold selection is relatively arbitrary and may also be approximated to the
desired effect, which is not very objective in itself. A small change in calculation can result in rather
different values, as for threshold 1 & 2 and threshold 3 & 4. Besides, determining what counts as
an event is up to the research question or the aim of a study. Showing too many events might be
desirable, if the goal was to assess as many disturbances to trees as possible, but less so to date

large-scale events.

For that reason, it would be desirable if a set mechanism to determine the threshold accurately could

be developed. This seems to be a research gap which could be explored.

49



7 Conclusion

This thesis aimed to reconstruct snow avalanches via an eccentricity analysis and reaction wood dating.
For that, two rarely used tree species, namely the silver birch and the mountain pine, were utilized.
For the birch an eccentricity analysis was used, whereas compression wood was examined for the
mountain pine. Along with, injuries on trees and thin sections of birch were consulted in order to

provide additional evidence of disturbance events.

In conclusion, years 1999, 2008, 2010, 2012, 2019 and 2021 are regarded as years in which snow
avalanches occurred. This was decided after evaluating the different sections of the discussion. In
addition, the whole study site presumably was affected by landslides or other slope movements in
years 2011 and 2017. However, this cannot be stated absolutely and should be studied in detail.
Regarding research objective [1]|, Do the dated snow avalanche events coincide with an already existing
chronology? Years coincide with the chronology in 1999, 2019 and 2021. A major limitation of snow
avalanche chronologies is, to only include major events. Therefore, not all of the dated events being

congruent to the existing chronology is possible.

Continuing with research objective 2], Can an accurate eccentricity threshold be chosen? A totally
accurate threshold is probably impossible to obtain, each tree reacts individually to its environment.
Generalizing a value however, serves as a good approximation. Threshold 4, which was chosen in this
thesis, provided a reasonable amount of events. Differences of calculated thresholds are shown in the
results and discussion, answering the subquestion to [2]. To sum up, a threshold can be accurate, if it
fulfills the goals of a study and is interpreted cautiously. Since the clear calculation of a thresholds is
often missing in the literature, it would be favourable to produce a common method for the calculation

of eccentricity thresholds.

Research objective [3], Can the dated eccentricity events in birch be compared to compression wood
formation in pine? Most studies use compression wood in order to date snow avalanches, sometimes
also combined with eccentricity. Years from the eccentricity index pair well with compression wood
findings in mountain pine in 1999, 2010, 2012, 2019. However, the findings suggest using a different tree
species than mountain pine in order to distinguish events. The mountain pine is showing compression
wood frequently which blurs a clear picture. Therefore, it is possible in part to compare eccentricity
events to compression wood findings in mountain pine, but should be regarded in a critical light. As
to subquestion [3a], thin sections of birch were unable to verify tension wood. In this case, discs
might have been preferable. Furthermore, injuries in the birch trees could not be attributed to years
of snow avalanche events, answering subquestion [3b]. A study examining injuries more closely might
however bring different results, since a clear differentiation between rockfall and snow avalanche is

possible.

As to the last research objective [4|, Can the dated snow avalanche reconstruction be spatially defined?
Snow avalanches presumably occurred on the whole study site in 1999 and 2010. The northern group

must have experienced a large event in 2008, which was not recorded in the eastern group. In turn,
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snow avalanche have affected only the eastern side in years 1997, 2004, 2019 and 2021. Hence, snow

avalanches at the study site can be spatially divided to year and location.

So far, not many snow avalanches have been reconstructed via an eccentricity analysis, especially not
with the mentioned tree species. This thesis has shown that it is potentially possible, but should be
regarded critically. Compression wood dating with mountain pine needs to be examined either in detail
or another tree species should be consulted. Dating of tree-rings was tough in mountain pine, due to
the missing of clear year-ring borders. This could have yielded wrong dating and also a wrong finding
of compression wood. Furthermore, the visual dating of compression wood and injuries is a rather
vague concept and should possibly be done anatomically. Overall, the eccentricity analysis yielded a
fair result, though the calculation of a threshold poses a major limitation. Another major constraint
is that the disturbance event, as analyzed by the eccentricity index, might have happened in the year
before but only shows in the following growing season. More research in the area of threshold calculation
could clarify and set the standard for a supported and well-founded threshold. Also, rendering a high

accuracy for the dating of disturbance events.
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Figure 38: Eccentricity events in sampled birch trees exceeding threshold 2.
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Figure 39: Eccentricity events in sampled birch trees exceeding threshold 3.
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Figure 40: Eccentricity events in sampled birch trees exceeding threshold 6.
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Figure 44: Diagrams of the sampled trees in [A] the birch and in [B| the mountain pine. The ages of
the samples are given on the x-axis, each horizontal bar representing one sample. On top, the plot of
the sample depth is shown. The plot was arranged with CDendro.

66



Figure 45: Many rocks and boulders at the study site indicate a high rockfall activity.
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Figure 46: Pushed over and strongly bent trees on the eastern side of the study site.
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