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1. Background and objectives

A global analysis of climate change shows that the Earth's temperature
has warmed by 0.7 °C on average since the beginning of the last
century, and that the ten warmest years occurred after 1990. In the last
three decades, the Earth's surface has been warmer than in any
previous decade since 1850 (NATER 2018). Several climate models
predict a significant increase in temperature in mountainous regions,
which, together with other factors, may affect the distribution of
montane and subalpine species and the composition of the
communities here. The development of the global climate is
influenced to the greatest extent by the atmospheric presence of
greenhouse gases and pollutants. The current climate problem is
caused by changes in atmospheric processes, which are mainly related
to anthropogenic activities (IPCC 2007). The indirect effects of
emissions have now caused changes in physical and biological
processes on all continents and oceans. Based on the research so far,
it can generally be said that the responses of the living world to climate
change differ from region to region and species, so these researches
play an important role in predicting temporal and spatial changes as
accurately as possible (Walther et al. 2002, Root et al. 2003, Parmesan
& Yohe 2003, Parmesan 2006). Because of the basically passive
attitude of nature conservation, active nature conservation
interventions are hindered in many cases, so climate change endangers
protected areas even more. If the living conditions of a nature reserve
become unsuitable for the wildlife, the species living there cannot be
replaced, only their adaptation and migration can be taken into
account. Until now, the areas surrounding natural ecosystems have
played an important role, but their importance may increase further in
the event of a temperature rise of several degrees, when the conditions
currently prevailing in the associations may change significantly.
Examining the near-natural forests in which extensive silviculture is
taking place can help us to monitor the changes (Czlcz et al. 2007).
According to several studies, climatically defined transition zones are
expected to react most sensitively to climate change (e.g. Risser 1995).
The ecosystems of mountain vegetation - including the vegetation of
high mountains - are inherently more vulnerable, partly because of
their simple structure, and partly because many plant species live close
to their survival limits here. On the basis of these characteristics, as



well as through recent comprehensive research (Elmendorf etal. 2012,
Gottfried et al. 2012), it has been proven that the high mountain
ecosystems and the species occurring here react more sensitively and
faster to global climate change. However, the responses of ecosystems
to these changes are not, or are barely, known (Czébel et al. 2008).
The predicted level of emissions is not very promising, according to
the pessimistic scenarios, we can count on an increase of up to 4 °C
compared to the average of the period between 1986-2005 by the end
of the 21st century (IPCC 2014).

High-altitude plants have adapted to low temperatures (Koérner &
Larcher 1988), since these high-altitude areas have a smaller area,
making the species living here more sensitive to a warming climate.
Alpine plants are less responsive to short-term climate fluctuations, on
the other hand, -plants wich are located in the mentioned area- are
much more affected by longer-term climate change, as most species
are persistent, slow-growing and long-lived (Billings & Mooney 1968,
Kdrner 2003, de Witte & Stocklin 2010). High mountain ecosystems
are regulated by climatic factors. Therefore, changes in the occurrence
and composition of alpine plant species are extremely relevant as an
indicator of the ecological effects of climate change (Theurillat &
Guisan 2001, Grabherr et al. 2010, Malanson et al. 2011).

Territory of Hungary does not have high mountains, that is why |
chose the examination of selected woody species of the eastern
Austrian mountains as the topic of my doctoral research. Until now,
the impact of climate change on woody plants in the Alps has typically
been investigated using dendrochronological methods (e.g. Cherubini
et al. 1998, Nicolussi et al. 2005, Savva et al. 2006, Chauchard et al.
2010). Examination of the tree population of mountainous areas along
a vertical transect is also not common (Ohsawa et al. 2007), even
though this type of examination provides a clear overview of the
health status of a given tree species.

Based on the review of the literature, my doctoral research can be
considered filling a gap because the health status of the norway spruce
and dwarf mountain pine stands of the Alps had not been investigated
before, using non-destructive instruments, along a vertical transect, in
the entire area of the vegetation belt dominated by the selected plant
species.

Understanding and detecting processes that damage tree trunks is
crucial for the long-term maintenance of forests (Shigo 1991, Matheny

4



& Clark 1994, Mattheck & Breloer 1994, Mattheck 2007, Schwarze
2008). Based on these, | planned field measurements with portable
instruments capable of measuring wood rot and fungal infection.
Despite abundant data on tree growth trends and climate-induced
responses (e.g. Camarero et al. 2021), the often shrub-like ecosystems
of forest border areas have hardly been researched so far. Because of
the latter, we do not have enough knowledge about the growth
characteristics of the trees found here, and we have limited data on the
changes that occur as a result of climate change (Buntgen et al. 2007,
Palombo et al. 2013, Carrer et al. 2019, Senfeldr et al. 2021). Since
my research affects the dominant woody plant species of these
ecosystems, the dwarf mountain pine, my doctoral research work can
be regarded as filling a gap in this field as well.

The main goals of this survey were the following:

1. To determine and compare the rot and degree of fungal
infestation of Norway spruce in three different sample areas
in the Eastern Alps along vertical transects.

2. To determine and compare the rot and the degree of fungal
infestation of dwarf mountain pine in three different sample
areas in the Eastern Alps along vertical transects.

3. Collection of the most important meteorological background
data in the examined sample areas.

4. Examination of the main soil parameters in the examined
sample areas along the selected vertical transect.

5. Evaluation of the health status of the studied tree species as
a function of the altitude and the measured and modeled
background variables.



2. Materials and methods

Examined plant species

» Norway spruce — Picea abies (L.) H. Karst
It is an important forest-forming tree species in the European
mountains and northern plains from Lapland to the Balkans. Its
European distribution area is divided into a northern, mostly plain-
hilly region, and an Alpine-Carpathian belt. In the Carpathians, it
occurs between 500 and 1,800 m in the north and between 800 and
1,950 m in the south and forms a continuous belt above the beech
forests. (Polunyin 1981, Debreczy & Racz 2000).

» Dwarf mountain pine — Pinus mugo (Turra)
It is a plant of the Alpine mountain range, with its relatives to the
following areas: west of the Pyrenees, north of the czech Bohemian-
Ore and Giant Mountains, south-east area of the Carpathians, Pirini in
the Balkan Mountains, Abruzzi Alps of the Apennine Peninsula,
Serrania de Cuenca of the Iberian Peninsula. It is a species
characteristic of the European high mountains, but it also occurs on
peat bogs in the lower zone (Polunyin 1981, Debreczy & Racz 2000).

Characterization of the investigated area

I carried out my doctoral research in the Alps, whose ranges stretch
from the Ligurian Sea to the Carpathian Basin for nearly 1,200 km in
length and about 180 km in width in the E-W direction (Klpper 1964).
In the young chain unit formed as a result of the collision of the former
Laurasia and Gondwana, huge transposed mantle folds were formed.
The characteristic structure of the Alps has developed, in which three
characteristic blankets can be distinguished based on the type of rock
and the geographical location. The Helvetic blanket, which also
includes Variscan elements, was formed in the former Laurasian areas
at the beginning of the geohistorical Middle Ages. The Pennine mantle
consists of rocks belonging to the area of the ocean basins located
between Gondwana and Laurasia, while the so-called Eastern Alpine
blanket refers to the large mass of Triassic sediments (limestone,
dolomite) formed on the northern coast of Gondwana.

The research areas wich | selected in the Eastern Alps, Austria were
the following:



» Hochkar Mountains
» Stuhleck Mountains
» Wechsel Mountains

The selected sites were dominated by the Norway spruce (Picea abies)
in the lower altitude montane zone and the dwarf mountain pine (Pinus
mugo) in the subalpine zone, so | selected these tree species to
examine the health status examination with the ArborSonic and
ArborElectro measuring instruments.

During 2018, in the case of Picea abies, which prevails in the montane
zone, 135 trees were measured in the area of the Hochkar Mountains
(800-1500m), 162 in the area of the Stuhleck Mountains (850-1700m),
while a total of 163 trees were measured in the Wechsel Mountains
(800-1600m). Also in 2018, in the case of Pinus mugo, which is
dominant in the subalpine zone, | examined 36 trees in the Hochkar
Mountains (1550-1760m), 6 in the Stuhleck Mountains (1750m), and
14 in the Wechsel Mountains (1600-1700m). In 2018, | measured a
total of 171 trees in the Hochkar Mountains, 168 in the Stuhleck
Mountains, and 177 in the Wechsel Mountains.

During 2019, in case of Picea abies, 369 trees were measured in the
Hochkar Mountains (800-1540m), 342 in the Stuhleck Mountains
(850-1700m), and 369 in the Wechsel Mountains (800-1600m).
During 2019, in case of Pinus mugo, 234 trees were measured in the
Hochkar Mountains (1550-1750m), 60 in the Stuhleck Mountains
(1705-1750m), and 114 in the Wechsel Mountains (1610-1700m). In
2019, | measured a total of 603 trees in the Hochkar Mountains, 402
in the Stuhleck Mountains, and 483 in the Weshsel Mountains.

The basic consideration in selecting the tree specimens was to be at
least 10 meters away from the nearest road, and their trunk diameter
and canopy should be as representative as possible of the tree
specimens occurring at a given height.

ArborSonic 3D Acustic Tomograph (FAKOPP)

The ArborSonic 3D Acoustic Tomograph instrument measures the
speed of sound propagation within a tree trunk and is able to detect the
size and exact location of rotten or hollow regions without destruction
(Divés & Szalay 2002, Frankl et al. 2006, Falvai et al. 2021). By
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measuring the speed of sound, the Acoustic Tomograph provides an
excellent opportunity to detect hidden defects (cavities, decay) in
living trees (Kloiber et al. 2006), i.e. it is suitable for examining decay.
It measures the speed of propagation perpendicular to the fibers, which
can reach 1500-1800 m/s, which is 15 times faster than the speed of
propagation in air. The FAKOPP instrument was developed taking
advantage of this significant difference and based on the fact that the
propagation speed of sound waves is closely related to the mechanical
properties of wood (Divds & Divos 2005, Divos et al. 2005). Rotting
and its extent are mostly not visible from the outside. Knowledge of
the internal state of the tree trunk fundamentally affects the assessment
of the tree. By measuring the speed of sound, the size and location of
cavities and decay in the trunk of the tree can be determined. A
decrease in speed between two sensors indicates the presence of
decay.

Acoustic tomographic measurements were performed in several
vertical trunk layers, taking into account the different physiognomy of
the species studied. | made sure that the geometry of the trunk of the
selected trees was circular rather than elliptical or irregular. This was
important so that the basic conditions were similar for the examined
trees.

In 2018, decay measurements were made along a vertical transect, at
heights of 50 meters above sea level, in all three test areas, both for
norway spruce and dwarf mountain pine. In 2018, | measured 460
trees for Picea abies and 56 trees for Pinus mugo in the area of the
three mountain ranges.

Based on the evaluation of the acoustic tomograph data collected in
2018 - as preliminary tests - in 2019, | used a finer spatial scale and
denser sampling at certain altitudes in order to more accurately
evaluate the changes in the degree of decay. In 2019, | measured a
total of 1,080 trees for Picea abies and 408 for Pinus mugo in the area
of the three mountain ranges.

Acoustic tomography measurements were performed at three heights
(0.4, 0.8, and 1.2 m) from the ground level for Norway spruce using
the ArborSonic 3D acoustic tomograph, and at two heights (0.2 and
0.4 m) for dwarf mountain pine using the ArborSonic 3D acoustic
tomograph.



ArborElectro impedance tomograph

I examined fungal infection or deterioration with the ArborElectro
impedance tomograph (ArborElectro, Sopron), which can non-
destructively detect the location and size of active fungal infection
within the trunk to get a more accurate picture of the stand and on the
health status of tree speciments. The instrument measures the
electrical resistance between electrodes on a specific slice of the trunk
(unit: Ohm * m). The electrical resistance depends on the ion
concentration of the area between the two electrodes, which is
determined by the presence or absence of the fungus. With this
method, fungal infections can be determined and detected at a very
early stage (Divos et al. 2007).

During the fall of 2019, | used the ArborElectro Impedance
Tomograph in all three test areas to measure the fungal infection of
the trees. The latter, if it could be measured, | called rot during the
evaluation. The processes of the measurements made with the
ArborElectro Impedance Tomograph measuring device are the same
in the three selected areas. The examination of fungal infection was
carried out along the transect already mentioned in the FAKOPP
examination in the case of all three mountain ranges, on exactly the
same trees that were examined for rot. In the case of the selected trees,
I measured them with the impedance tomograph in one layer, at a
height of 80 cm, counting from the ground level.

Soil tests

In 2018 and 2019, | collected the samples required for the geological
measurements in the Hochkar, Stuhleck and Wechsel mountains. In
each of the three mountain ranges, | collected one soil sample for each
examined altitude, next to the examined trees at different heights. The
evaluation of the samples was preceded by a mechanical preparation
(sieving, shredding). After drying the samples, it was possible to start
the evaluations, which included soil pH and total carbonate (cc)
measurements. | measured the pH of the soil ina 1:2.5 (w/v) soil:water
and 1 M KCI suspension using a digital pH meter (Buzas 1989). The
carbonate content of the soil was determined using the Scheibler
calculator method (Buzas 1989). In addition to the laboratory tests, in
2019 | measured the soil thickness (Finnern 1994) in all three sample
areas along the vertical transect with the Pirckhauer stick soil
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sampling measuring device at the altitudes where instrumental
measurements were made.

Angle of descent measurement

In the fall of 2019, in case of all three mountain ranges, | measured
the slope angles along the examined transects in order to determine
the steepness of the given slope section. | performed the measurements
in all three mountain ranges at the altitude of the 2018 decay tests, i.e.
at an altitude of 50 meters above sea level, from the lower limit of the
norway spruce belt to the continuous upper limit of the dwarf
mountain pine belt.

Meteorological data collection

I downloaded the air temperature and precipitation data from the
internationally recognized database of www.ecad.eu in September
2021. E-OBS includes daily average, maximum and minimum
temperature values, as well as daily total precipitation. In all three
sample areas included in my research, | used interpolated GPS data,
since there were no meteorological stations providing data for the
database on the selected mountains.

Statistical evaluation

In the case of all three mountain ranges, | used the PAST
(PAleontological STatistics Version 3.21 and 4.05) statistical software
package (Hammer 1999-2015, Hammer 1999-2021, Hammer 2001) to
examine the correlations between the abiotic and the measured biotic
parameters. For the basic statistics | used the sum- mary statistics, two
sample t test and boxplot modules of the software.

I used version 3.6.1 of R for further detailed statistical calculations. (R
core team 2020).

3. Results

In the case of both Norway spruce and Dwarf mountain pine, we found
a significant, but partly different, correlation between the degree of
decay and the altitude above sea level. Based on the acoustic
tomographic data, the Picea abies population of the Wechel
Mountains appears to be the healthiest, while that of the Hochkar
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Mountains is the least healthy. In the Hochkar and Stuhleck
mountains, the correlation between fungal infection and altitude was
similar to the values measured by acoustic tomograph.

The decay results show that the health status of Picea abies individuals
was the worst at the lower distribution limit of the species in all three
investigated mountains. Based on the decay measurements, it seems
that under the current climatic conditions, the spruce is in the best state
of health at an altitude of between 1000 and 1500 meters above sea
level, which altitude range can also be considered the optimum
distribution of the species in the examined mountains. In this region,
the values of Picea abies decay were similar to the data for Quercus
petraea stands of different ages in the Carpathian Basin. The
significant deviation of the significantly higher decay values observed
at the lower distribution limit of the spruce indicates that the lower
region of the distribution area of the species is less favorable for the
species, so it can be assumed that the lower distribution limit of the
tree species will move upwards by 50-100 meters, which is, for
example, the Hochkar -mountain range, it is highly probable based on
the decay data. Based on our results, it seems that although it would
be more favorable for the spruce to move to higher areas in terms of
the decreasing level of fungal infection, it rots more in several
mountain ranges near the upper altitude limit of the distribution of the
tree species - presumably due to the increasing level of stress. The
latter can create a barrier to the upward movement of the spruce, so
with the upward movement of the lower distribution limit, even a
narrowing of the area may occur in case of Picea abies. The latter
would be unfavorable from a nature conservation point of view, as it
would be accompanied by a narrowing of the habitat it dominates.
Presumably, only a part of the species associated with the sedges
would be able to adapt to this narrowing of the area, which could lead
to a decrease in the habitat's species diversity in the long term.

The significantly higher decay values of the dwarf mountain pine
compared to the norway spruce can be explained by the greater abiotic
stress characteristic of the higher region. In the case of Pinus mugo,
no clear trend can be verified between the deterioration of the
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measured height levels. Based on the median values, the population of
the Stuleck Mountains proved to be the healthiest, while the
population of the Weschel Mountains had the worst health status due
to the higher median and high interquartile range. In case of Pinus
mugo, we observed a different trend in the relationship between the
deterioration values and the altitude above sea level in the investigated
mountains. However, when evaluating the results, it should be
considered that the investigated Pinus mugo belt of the Hochkar
Mountains was the widest (200 m), compared to the 100-meter belt of
the Weschel Mountains and the 50-meter belt of the Stuleck. Thus, for
drawing general conclusions, the changes measured in the Hochkar
Mountains can be considered as guidelines. The changes observed in
the Hochkar Mountains clearly show that the height of distribution of
both investigated species, and thus the zone dominated by them, is
expected to shift upwards. This expected trend may be different in
several mountain ranges of the Alps in the future, which is depending
on the environmental parameters.

The higher decay values observed in part at the upper limit of the
distribution of Picea abies and Pinus mugo may also indicate that if
the area of the tree species shifts upwards, it exposes them to
increasing cold stress and more extreme weather events (e.g. stronger
and more frequent wind storms, ice breaks), which may result in
decreased fitness. The potential shift of mountainous vegetation belts
and the transformation of habitats may not be favorable from a nature
conservation point of view, because it is likely that not all species are
able to migrate together with the tree species that make up the stands.

Based on the evaluation of the linear correlations, the Picea abies
population of the Wechsel Mountains proved to be the most sensitive
to environmental factors.
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4. Summary of new scientific results

I summarize my new scientific results in the following points:

1.

Based on the tests, it can be stated that in all three mountain
ranges between 1,000 and 1,500 meters the rate of norway
spruce rot is low, while the highest degree of rot of the
species can be detected at and near the lower limit of its
distribution at the stand level, and at the upper limit of the
vertical distribution of spruce, fungal infection has decreased
in all three mountain ranges extent.

At the lower limit of the distribution of norway spruce in the
mountains of the Eastern Alps, a retreat of 50-100 m is
expected in the near future, based on the high values of rot
and fungal infection.

Based on the decay values, among the three investigated
sample areas, the norway spruces of the Wechsel Mountains
have the best health status.

In the case of Picea abies, | measured the highest average rot
in all three examined areas at the height closest to the ground
level (40 cm).

The dwarf mountain pine stands in all three test areas can be
characterized by a significantly higher decay value compared
to the norway spruce, regardless of the height above ground
level.

Based on the decay data of the Hochkar Mountains, the study
area with the largest vertical extent of norway pine belt, a
further upward movement and expansion of Pinus mugo is
expected.
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