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Mendel University in Brno, Zemědělská 1/1665, 613 00 Brno, Czech Republic; baltazartivadar@gmail.com

* Correspondence: salata.denes@uni-mate.hu

Abstract: Many climatic models predict significant temperature rises in mountainous regions, which
may influence the distribution of montane species. Thermophilization observed or predicted in
mountainous areas to date may accelerate the shift of forest-forming trees to higher areas. Our aim
was to detect how the health status of Norway spruce (Picea abies [L.] Karst) and dwarf mountain
pine (Pinus mugo (Turra)) changes along an altitudinal transect, and to what extent the health status
of trees depends on the studied environmental variables. Field measurements were performed in the
Alps with an acoustic tomograph, which is able to determine the extent and exact location of rotten
parts without damage. In the case of P. abies, the stands are currently considered to be the healthiest
between 1000 and 1500 m, while they show the greatest deterioration near the lower limit of their
distribution. At the lower limit of the vertical distribution of the species, a retreat of 50–100 m is
expected. We observed a different trend in the relationship between deterioration values and altitude
depending on the extent of the P. mugo belt. It seems the extent and speed of the upper movement
may be different in different mountains, depending on environmental parameters.

Keywords: decay; health status; Norway spruce; Dwarf mountain pine; abiotic factors; Central
Europe

1. Introduction

Global warming has been measured to date to affect mountain ecosystems to a greater
extent than lower-lying regions [1]. Based on climate measurements in this century, the rate
of temperature increase in mountainous areas is two to three times higher than in the 20th
century [2,3]. In addition, there is increasing evidence that the rate of warming increases
with vertical height. Differences in altitude-dependent rates of uplift in different altitude
regions accelerate the rate of change in ecosystems to varying degrees [4]. Warming is
also likely to affect the biodiversity and ecosystem services of mountain forests [5]. The
former can lead to the disappearance of some species and changes in the composition of
associations [2].

Since 1951, the vegetation period has been extended by an average of 2.7 days per
decade [6,7], allowing plants to spread in ever-higher areas [8]. As tree settlement and
growth are limited by low temperatures [9], warming is expected to push forests upward,
leading to alpine tree boundaries and the spread of many species [5,10,11]. In parallel,
strong stress-induced stress selection at the lower (drought) range of tree species may
lead to a decrease in genetic diversity and stability. However, the impact of climate
change on the future growth and health of trees in European forests is still unclear [12]. In
northwestern Canada, research at the altitude tree boundary has shown that an average
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temperature of 11.3 ◦C in July-August is optimal for tree growth. If the average value of
these months exceeds this threshold, the positive correlation between annual tree-ring
width and temperature weakens and the annual tree-ring thickness decreases [13]. Another
study using a 230-year-old den-chronological data set found that both higher summer
temperatures and less snowfall have a positive effect on the growth of trees growing at the
tree border [14].

An analysis of the rotting of sessile oak (Quercus petraea [Matt.] Liebl.) stands of
different ages in the Central European low mountain region showed that the stands in the
subatlantic area are the healthiest [15]. The most degraded stands occurred in continental
areas with drier climates, where the average value of species rot in the 60-year-old age
group was 4.24% [15]. In the Czech Republic, a nationwide representative survey found
drying in 61.2% of planted spruce (Picea abies [L.] Karst) stands, while 42.9% of visually
healthy individuals were infected by a wood-rotting fungi (Armillaria ostoyae [Romagnesi]
Herink), presumably due to dehydration and declining groundwater levels [16].

The correlation of P. abies health status with altitude was mostly examined by den-
drochronological analyzes. Research in the High Tatras along an altitude gradient
(839–1468 m) has shown that between the radial annual tree-ring thickness of a given
year and the average temperature in March, April, June and July and the previous year
in October a positive correlation is observed [17]. Trees growing in higher areas proved
to be more sensitive to temperature change. A pan-European analysis confirmed that in
mixed mountain forests, which represent the lower limit of the vertical distribution of P.
abies, the production of the species has decreased significantly, by almost a quarter, over
the past 30 years [18]. It has also been shown by European-scale modeling that future
climatic changes can be expected to shift the distribution of spruce to higher mountainous
regions [19]. The resistance of P. abies to climate change lags behind, for example, common
beech and sessile oak, as indicated by the decline in production of the species in warmer
and drier habitats [20].

In the Swiss Alps, the annual tree-ring study of nearly 600 tree individuals showed
that in the case of P. abies, there is a strong, positive correlation between annual tree-ring
thickening and the temperature during the short summer period. Modeled at higher
altitudes and over a longer time scale, the production of both P. abies and Pinus mugo (Turra)
showed stronger temperature dependence [21]. In the case of P. mugo, health studies to
date have focused on the relationship between species and air pollution, as the species is an
excellent bioindicator. The growth of P. abies stands in the Central European mountainous
regions is also affected by air pollution–depending on sky conditions [22]. A positive
correlation was observed between pollen seed abortion in P. mugo and air pollution, which
was most strongly observed at the upper limit of vertical distribution of the species [23].
This also indicates an increased exposure of abiotic stressors to individuals at the tree line.

The main objective of our research was to determine and compare the health status of
P. abies and P. mugo, as dominant forest-forming tree species, in selected mountains of the
Eastern Alps. Another goal was to evaluate the health status of the studied species as a
function of the altitude and the studied environmental variables. Based on our results, we
would like to conclude whether it is conceivable that the range of these tree species will
move upward, as this could have significant ecological and conservation consequences for
the habitats they dominate.

2. Materials and Methods
2.1. Study Sites

The studies were carried out in 3 different areas of the Eastern Alps in Austria. It was
performed in 2019 in the Wechsel Mountains (limestone bedrock), the Hochkar Mountains
(Wechsel-gneiss), part of the Ybbstal Alps, and the Stuhleck Mountains in the Fischbach
Alps (Triassic carbonate, quartzite/quartz conglomerate). The selected sites were domi-
nated by P. abies in the montane belt at lower altitudes and P. mugo in the subalpine belt
(Figure 1), so these species were selected to measure health status. In all three mountains,



Forests 2021, 12, 716 3 of 12

measurements were made over the entire area of the P. abies and P. mugo belt along an
altitudinal transect. P. abies was measured up to 800–1600 m in the Wechsel Mountains,
800–1550 m in the Hochkar Mountains, and 850–1700 m in the Stuhleck Mountains, while
P. mugo was measured above the spruce belt, up to the upper limit of the species’ zone in
all three mountains (Figure 1).
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2.2. Methods

A preliminary study was conducted in 2018 to select the altitudes for the measure-
ments. In doing so, we measured the decay of 3 tree individuals at each altitude of 50 m
above sea level with an acoustic tomograph, for both species. Based on the results of the pre-
liminary study, in those altitude regions where the degree of rot was outstanding, we chose
more frequent sampling in 2019. The basic consideration in selecting the tree specimens
was to be at least 10 m 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.
The health status of the trees was characterized by rot, which was measured using an
acoustic tomograph (FAKOPP 3D, Sopron, Hungary). The FAKOPP instrument measures
the speed of sound propagation (acoustic measurement) within the tree trunk [24,25]. In
parallel with the fibers, the speed of sound propagation can reach 4000–5000 m/s, which is
15 times faster than the speed of air propagation. This significant difference is exploited by
the instrument, as well as the fact that the speed of propagation of sound waves is closely re-
lated to the mechanical properties of the wood. This instrument is able to non-destructively
detect the size and exact location of rotten or hollow regions [26] and to calculate the ratio
of healthy tree trunk to total trunk for the plane of the layer above ground level (i.e., in
terms of cross section). Rotting is given as a percentage, which is complementary to the
proportion of the healthy part. The acoustic tomograph also calculated the wallthickness
value. Acoustic tomographic measurements were performed in several vertical trunk
layers, taking into account the different physiognomy of the studied species. In the case of
P. abies we measured at three heights (0.4; 0.8 and 1.2 m) from the ground level, while in the
case of P. mugo at two heights (0.2 and 0.4 m). Because acoustic tomographic measurements
of sessile oak showed a significant difference between the rot of different layers of the
trunk [15], we considered it necessary to perform these measurements in several layers in
order to obtain more representative information of the rot of tree individuals.

2.3. Measurements of Biotic and Abiotic Data (Environmental Parameters)

The tree height was determined using a triangulation method and a laser altimeter
(Nikon Forestry Pro, Shinagawa, Tokyo, Japan). The diameter of the trees was measured
with a 5 m long giant tape measure (Ningbo, Yuyao, China). The soil thickness was
determined with the help of the latter measuring tape and metal pipes struck with a
hammer.
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Soil samples for laboratory analysis were collected in 2019. Tree samples per altitude,
to examine the health of the measured trees per site, each of about 100 cm3, were taken
randomly near the measured trees from the 0–10 cm layer. The laboratory experiment was
carried out at the Department of Agrochemistry of Hungarian University of Agriculture
and Life Sciences. After the mechanical preparation (sieving, chopping) and the drying of
the samples, soil pH was measured in a 1:2.5 ratio (w/v) soil: water and 1M KCl suspension
with a digital pH meter, Radelkis OP-211/2 [27]. Soil carbonate content was determined
with a Scheibler calcimeter method [27].

2.4. Statistical Analysis

Statistical analysis was performed using the PAST (PAleontological STatistics Version
3.21 and 4.05) statistical software package [28–30]. For the basic statistics we used the sum-
mary statistics, two sample t test and boxplot modules of the software. Based on the results
of our previous research [31,32], in order to get a more nuanced picture, we characterized
the health status of two species in the sample areas in the light of altitude by plotting local
regression curves instead of linear regression. For this regression the software’s LOESS
smoothing option was used, with medium (0.5) smoothing factor. LOESS Smoothing based
on the algorithm of “LOWESS” (Locally Weighted Scatterplot Smoothing) [29,33,34]. To
analyze the correlation between environmental parameters, morphometric and rot data,
we used the software’s correlation module and linear r (Pearson) correlation method.

3. Results
3.1. Picea Abies

For all three mountains, the decay data differ significantly by species on different
locations (Figure 2, Table 1, for average decay W-PA vs. W-PM uneq. var. t = 26.59
p < 0.001, H-PA vs. H-PM uneq. var. t = 16.14 p < 0.001, S-PA vs. S-PM uneq. var. t = 11.59
p < 0.001). The largest significant difference was detected in the Wechsel Mountains, while
the smallest was detected in the Stuhleck Mountains. The extent of interquartilis in the
Wechsel Mountains was found to be the smallest, while in the case of Hochkar it was found
to be the largest, with significant upper quartilis in the latter. For each object, the highest
average deterioration was at the measured height closest to ground level (40 cm), and at
higher levels, the deterioration value decreased.

For the P. abies stand in the Wechsel Mountains, the percentage of rot was higher
between 800 and 1000 m and between 1500 and 1600 m above sea level than at an altitude
between 1000 and 1500 m above sea level (Figure 3). From 1500 m upwards to the upper
distribution limit of the tree species, the degree of rot gradually increased, as indicated by
the confidence interval, but there was less damage to the trees in this altitude zone than
in the lower areas. The standard deviation of the deterioration values was the highest
between 800 and 1200 m and above 1500 m, while the smallest standard deviation values
were observed between 1250 and 1500 m.

Table 1. Basic statistics of the studied tree species’ decay data in the selected mountains at different sampling heights
(W–Wechsel Mountains, H–Hochkar Mountains, S–Stuhleck Mountains, PA–Picea abies, PM–Pinus mugo).

Decay
W-
PA-
40

W-
PA-
80

W-
PA-
120

W-
PM-
20

W-
PM-
40

H-
PA-
40

H-
PA-
80

H-
PA-
120

H-
PM-
20

H-
PM-
40

S-PA-
40

S-PA-
80

S-PA-
120

S-
PM-
20

S-
PM-
40

N 41 41 41 19 19 41 41 41 39 39 38 38 38 10 10
Min 0.00 0.00 0.00 46.33 47.67 0.33 0.33 0.00 18.67 18.33 0.00 0.00 0.00 42.00 30.67
Max 30.67 37.00 43.67 77.67 78.33 54.00 42.67 41.67 74.33 75.00 38.33 39.67 38.67 79.33 79.33

Mean 6.81 6.42 7.42 63.53 63.74 14.15 13.22 10.83 57.59 57.42 8.64 7.60 8.03 60.67 58.13
Std. error 1.07 1.13 1.40 1.80 1.87 2.02 1.86 1.77 2.09 2.13 1.52 1.47 1.44 3.78 4.63
Variance 47.10 52.56 80.31 61.90 66.60 166.73 141.82 128.88 170.46 176.43 88.35 82.44 78.67 143.16 214.24

Stand. dev 6.86 7.25 8.96 7.87 8.16 12.91 11.91 11.35 13.06 13.28 9.40 9.08 8.87 11.96 14.64
Median 5.33 4.33 4.33 64.00 65.00 9.33 8.67 7.33 60.67 60.33 4.84 4.17 4.67 60.33 58.84

25 prcntil 3.00 1.50 2.33 61.33 61.67 4.00 3.67 2.67 51.33 48.67 2.50 1.67 2.00 52.25 47.92
75 prcntil 8.33 9.50 9.00 69.00 69.33 22.33 21.17 16.00 67.00 68.33 14.33 12.08 13.08 67.33 67.25
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Figure 3. Changes in the decay of the Picea abies stand in the studied mountains ((A)–Wechsel
Mountains, (B)–Hochkar Mountains, (C)–Stuhleck Mountains) in light of the altitude. Dots represent
average decay of three sampled individual trees at same sampling height at every examined elevation.
In the figures, in addition to the trend lines (local regression, red lines), the bootstrap is also shown
(blue lines)–bootstrap option estimates the 95% confidence band [29].
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In the Hochkar Mountains, the deterioration of P. abies trees shows a clear decreasing
trend with increasing height (Figure 3). The highest rot values of the species can be
observed with a decreasing trend between 800 and 1100 m, and with an increasing trend
between 1400 and 1500 m. The most moderate variances are between 1100 and 1400 m and
above 1500 m.

Similar to the previous two study sites, Stuhleck had both the lowest deterioration
values and standard deviations in the mean altitude range between 1050 and 1550 m. The
highest deterioration was measured between 850 and 1050 m, with a decreasing trend;
however, it should be noted that the deterioration values increased again from 1650 m
(Figure 3).

3.2. Pinus Mugo

The median as well as the upper quartile values proved to be the highest in the
Wechsel Mountains (Figure 2, Table 1). For all three mountains, the median values varied
in a very small range at the measurement heights examined from ground level. The
Stuhleck Mountains have the lowest median value. The interquartile extent was larger
in the Stuhleck and Hochkar mountains compared to the Wechsel stand and moved in a
similar range.

Based on the local regression in the Wechsel Mountains, it can be concluded that the
degree of rot of the P. mugo increased towards higher altitudes (Figure 4). At the height
of 1610 m the degree of rot was clearly lowest. The degree of rot increased significantly
at the lower limit of the distribution of the species, between 1610 and 1640 m. At higher
altitudes, the measured values were in almost the same range, with another slight increase
from 1670 m up to the upper limit of the species’ distribution.
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Figure 4. Changes in the decay of the Pinus mugo stand in the studied mountains ((A)–Wechsel
Mountains, (B)–Hochkar Mountains, (C)–Stuhleck Mountains) in the light of the altitude. Dots
represent average decay of three sampled individual trees at the same sampling height at every
examined elevation. In the figures, in addition to the trend lines (local regression, red lines), the
bootstrap is also shown (blue lines)–bootstrap option estimates the 95% confidence band [29].

In the case of the Hochkar Mountains, the deterioration of the P. mugo typically de-
creases with increasing altitude, as can be seen along the trend line (Figure 4). Deterioration
values are highest between 1550 and 1600 m, while the average is lowest between 1730 and
1750 m. The degree of decay decreases relatively evenly between 1600 and 1700 m, and
then shows a steeper decreasing image above 1700 m.

In the case of Stuhleck Mountains, the rotting of the examined stand shows a steeply
decreasing trend from 1700 m to an altitude of 1715 m; however, from this height there is a
steeply increasing trend up to the tree boundary.

3.3. Environmental Parameters

In the case of the Wechsel Mountains, we found a positive linear relationship between
the following parameters: MASL (Metres Above Sea Level) vs. Diameter (r = 0.76, p < 0.01),
Decay vs. pH Water (r = 0.69, p < 0.01), Decay vs. pH KCl (r = 0.59, p < 0.05), Diameter vs.
Slope (r = 0.56, p < 0.05), and Tree height vs. Soil thickness (r = 0.54, p < 0.05) (Figure 5). In
contrast, Decay vs. Wallthickness (r = −0.91, p < 0.001), Diameter vs. pH Water (r = −0.55,
p < 0.05), and Wallthickness vs. pH Water (r = −0.61, p < 0.05) showed a negative correlation
(Figure 5).
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In the case of the Hochkar Mountains, we found a positive linear relationship between
the Soil thickness vs. Slope (r = 0.53, p < 0.05), while we obtained a negative correlation
between Decay vs. Wallthickness (r = −0.95, p < 0.001) (Figure 6).
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In the case of the Stuhleck Mountains, we found a positive linear relationship between
the following parameters: MASL vs. Slope (r = 0.74, p < 0.001), and Diameter vs. Tree
height (r = 0.88, p < 0.001) (Figure 7). In contrast, there was a negative correlation between
Elevation vs. Soil thickness (r = −0.84, p < 0.001), Soil thickness vs. Slope (r = −0.73,
p < 0.01), and Decay vs. Wallthickness (r = −0.92, p < 0.001) (Figure 7).
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4. Discussion
4.1. Picea Abies

Based on acoustic tomography data, the Wechsel P. abies stand appears to be the
healthiest, while the Hochkar appears to be in the least good health. The rotting results
show that the health status of individuals is at its worst at the lower altitude distribution
limit of the species. The latter is in harmony with Krejza et al. [35] findings, based on
stem diameter analysis along an elevation gradient, that current climatic conditions in the
Central European region are not suitable for growing P. abies at lower elevations, and also
consistent with the observations of Hilmers et al. [18] for modelling approach. Based on
rot measurements, P. abies appears to be in the best health at 1000–1100 to 1400–1500 m
above sea level under current climatic conditions, which is also considered to be the
optimum distribution of the species in the studied mountains. In this range, the values of
rot were similar to the data of Quercus petraea stands of different ages in the Carpathian
Basin [15,26]. The significant variance in the significantly higher rot values observed at the
lower distribution limit indicates that the lower region of the distribution area of the species
is less favorable for the species, so it is conceivable that the lower occurrence limit will move
upwards, as can be seen in the case of the Hochkar Mountains (Figure 3). Based on our
previous studies [32], it seems that although it would be more favorable for P. abies to move
to higher areas in terms of fungal infestation, it however rots more in several mountains
near the upper altitude limit of the tree species, presumably due to increasing stress. The
latter may inhibit the upward movement of the species, such that even a narrowing of the
distribution may occur in the case of P. abies as the lower distribution limit moves upwards.
The latter would be unfavorable from a nature conservation point of view, as it would be
accompanied by a narrowing of the species’ dominant habitat. Presumably, only a subset
of species associated with P. abies could adapt to this area narrowing, which in the long
term could lead to a decrease in habitat species diversity, similar to that seen with declining
alpine grassland extent [36,37].

4.2. Pinus Mugo

There is no clear trend between the deterioration of different height levels measured
from the ground level. Based on the median values, the Stuhleck Mountains proved to
be the healthiest, while the Wechsel Mountains was the least healthy due to the higher
median and high interquartile extent. In the case of the P. mugo in the Wechsel and Stuhleck
mountains, the degree of rot increased towards higher terrains. Lower rot values measured
at the lower distribution limit of the species, and higher decay values measured in the
upper distribution zone, may indicate that changes in the vertical range and upward
movement of the species–unlike P. abies–are unlikely in the near future. The significantly
higher rot values of P. mugo compared to P. abies can be explained by the higher abiotic
stress characteristic of the higher alpine region. In contrast, in the case of the Hochkar
Mountains, which have the widest vertical P. mugo belt, the rotting of the species decreases
with increasing altitude of the species. It shows a close-to-stagnation in the middle range
of the species.

4.3. Environmental Parameters

Based on the linear correlations, the Wechsel P. abies stand proved to be the most
sensitive to environmental factors, where water pH showed a negative correlation with
diameter and wallthickness, while slope showed a positive correlation with diameter and
soil thickness with tree height. No such correlations were found for Hochkar and Stuhleck
P. abies stands. Regarding deterioration, it should be noted that in the case of Wechsel we
found a positive correlation with soil pH (pH KCl). We must point out that for all the
tree locations, Wechsel, Hochkar and Stuhleck, there is a very strong, negative correlation
between decay and wallthickness. All other correlations named in the Results section refer
to correlations between environmental parameters, so a more detailed discussion does
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not seem warranted. Nevertheless, these parameters can also have a significant effect on
vegetation.

4.4. General Discussion

Our results are partly consistent with Lenoir et al. [8], Liang et al. [9] and Jump
et al. [38] findings based on field observations, and Vittoz et al. [10], Falk and Hempel-
mann [19] and Bussotti et al. [11] modeling results, i.e., the current climate change may
change the distribution of tree species, and the increase in temperature may cause a rapid
upward shift in the range of mountain species. Higher rot values at the upper limits of the
distribution of P. abies and P. mugo may also indicate that if the range of tree species shifts
upwards, they will be exposed to increasing cold stress and more extreme weather events
(e.g., stronger and more frequent windstorms, icebreaking), thereby leading to declining
fitness.

The potential shift of mountain 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 with the stand-forming tree species.

5. Conclusions

In the case of P. abies, it is clear for all three mountains that the stands are the healthiest
between 1000 and 1500 m, while they show the greatest deterioration near the lower limit
of their distribution. At the lower limit of the vertical distribution of the species, a retreat
of 50–100 m is expected based on deterioration values. In contrast, the clear upward trend
in the upper distribution limit is questionable, based on deterioration data. Further studies
are needed to confirm the latter.

In the case of P. mugo, we observed a different trend in the relationship between
deterioration values and altitude in the studied mountains. However, when evaluating
the results, it should be taken into account that the P. mugo belt studied in the Hochkar
Mountains was the widest (200 m), as opposed to the 100-m belt in the Wechsel Mountains
and the 50-m belt in Stuhleck. Thus, in our opinion, the changes measured in the Hochkar
Mountains are the most relevant for drawing general conclusions due to the greater stability
and ability to self-regulate of larger monodominant stands.

The trends observed in the Hochkar Mountains clearly indicate that the altitudinal
range changing of both studied species, and thus the area dominated by them, are expected
to shift upwards. However, this expected trend in the future may be different in the extent
and speed in different mountains of the Alps, depending on environmental parameters.
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