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Abstract: Climate change requires forest managers to explore new concepts in reforestation. High-
elevation sites are posing challenges because the range of tree species that can cope with present
and future conditions is small and limited experience with candidate species is available. Methods:
We selected a mountain site with nutrient-poor silicatic soils. The previous Norway spruce (Picea
abies) stand performed poorly. We established a reforestation experiment with 27 tree species that
were planted in different combinations in order to evaluate silvicultural options. Site preparation
activities and planting techniques reflected the locally applied regular procedures. After planting,
we monitored height growth and phenological characteristics of needle/leaf development in spring.
The presently dominant Norway spruce was genetically characterized. Results: Tree seedlings
planted at high elevation are highly vulnerable. The temporal course of needle/leaf sprouting varies
widely. Early developers are vulnerable to frost, impairing tree development. Biotic stressors such
as high population densities of weevils or mice can cause high mortality. Conclusion: we suggest a
conservative approach to tree species selection because present site conditions in mountain areas
may impair the development of many tree species that could be viable options in a considerably
warmer climate.

Keywords: mountain forest; climate change; reforestation; tree species selection

1. Introduction

Climate change requires adaptive forest management strategies with considerable
foresight. Reforestation activities after harvesting operations offer the opportunity to
establish forest types that would not develop under present site conditions and that
comprise tree species and tree-species mixtures that could be relevant in a future climate.
Knowledge on the performance of many tree species in experiments increases the options
for climate-smart forestry during stand development. Higher air temperatures in the future
will allow the use of tree species in mountain forests that are currently predominantly
found at warmer sites, e.g., at lower elevations. The challenge is finding tree species
that can cope with currently harsh and future climatic conditions in mountain areas. As
a consequence of climate change, many temperate forests are increasingly damaged by
abiotic stressors such as frost and drought, and biotic stressors such as newly invading
pests and pathogens [1]. The emerging problems are widely discussed, yet difficult to
capture in forest growth models, because they require detailed and often unavailable
information on site conditions. Moreover, planning of forest management strategies is
hampered by the wide range of possible futures. In the case that worldwide climate-change
mitigation strategies are successfully implemented, the future warming will be small,
yet pessimistic scenarios indicate a stronger warming trend. Forests that are established
now would ideally be able cope with a wide range of possible future climates. Climate
scenarios are used in order to approximate the warming trend. However, the results from
different climate models vary widely. Foresters are encouraged to interpret locally and
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regionally downscaled climate scenarios with climatology experts in order to get a good
understanding of future conditions [2,3].

Change is the known unknown in decadal forest ecosystem development. The use
of potential natural vegetation as guidance for the choice of tree species in forestry is
partially compromised due to climate change effects [4]. Moreover, management intensity,
air pollution, climate change, and increased nitrogen availability in recent decades has had
some unexpected consequences on forests [5–9]. Using low-cost natural regeneration is
not necessarily a promising method of sustainable forestry. Some tree species may already
be underperforming as a consequence of climate change, as site conditions have already
changed during the lifetime of existing forests. Some tree species shift their habitat range
and change the competition compared to the present forest types [10–12]. An obvious
approach to the selection of tree species in reforestation projects is the analysis of the
performance of regionally encountered tree species. Yet, in some areas, the diversity of tree
species is narrow, both due to natural constraints and management strategies that have
favored monospecies forests. Climate conditions in mountain regions narrow the options
of tree species selection. Frost episodes in late spring and early autumn render the use of
tree species that develop their needles or leaves early in the growing season impossible.
Climate change may lead to unprecedented water shortage and drought periods in summer.
Understandably, silvicultural experiments have been focused on economically relevant
and abundant tree species [13–15]. The performance of some tree species that may play
an important role in mountain regions in the Alps is not yet sufficiently investigated.
Textbook knowledge and the interpretation of observations from other regions are an
unsatisfying basis for knowledge-based silvicultural concepts to cope with climate change.
Field experiments are needed in order to analyze the productivity of different tree species
and to understand their resilience to biotic and abiotic disturbances.

Forest managers have a range of adaptation options for climate change effects. A
large intraspecific variation was found for Norway spruce in the Alps and its surround-
ing central and southeastern European range [16–18]. This high variation can support
adaptation when forest practitioners select seed provenances that are better suited to fu-
ture conditions [19]. Another option is often referred to as ‘assisted migration’, i.e., the
intentional movement of tree species in response to anticipated climate change into new
habitats. It is applied when tree species are feared to become maladapted upon climate
change, but potentially relevant tree species are not able to disperse as quickly as the
climatic conditions are changing [20–22]. Assisted migration can be applied to native tree
species; unprecedented tree species combinations; or non-native, yet potentially relevant,
tree species. The choice of non-native trees for assisted migration efforts is controversial. In
particular, nature conservationists are discussing whether non-native plants are a benefit
or threat for ecosystems [23].

Our experiment is included in the long-term experiment program of the Austrian
Forest Research Center [24]. The intention is monitoring the stand development for several
decades. The objectives of the experiment are as follows:

• Benchmark the performance (productivity, mortality) of a variety of tree species in
comparison to the already encountered local tree population;

• Identify the candidate tree species for forests that need to cope with a changed climate
in mountain regions of the Eastern Alps;

• In the long term, identify threats and challenges for tree species in a future climate;
• Characterize the performance of trees during their development;
• Identify the experimental challenges for the comparison of tree species with respect to

adaptation of climate change.

In this paper, we describe the experimental setup, provide the rationale for selecting
the chosen tree species, and document the planting process. Survival rate, height increase,
and phenology are used as the first available indicators of the performance of different
tree species. As the experiment advances we expect useful information for climate-smart
reforestation projects at high-elevation sites on silicatic bedrock in the Eastern Alps.
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2. Materials and Methods
2.1. Site Characteristics

The experimental site, Wechsel (47.9999◦ N, 15.9741◦ E), is located at an elevation of
1340 m a.s.l. in central Austria. The southwest-facing slope has an inclination of about
20%. The forests, according to the potential natural vegetation, are spruce-fir forests (Luzulo
nemorosae-Piceetum) and Norway spruce is by far the dominating tree species [25]. The
forests have low productivity. The yield class of the previous forest was 6, i.e., a mean
annual growth of 6 m3 stem wood during a production time of 100 years. This is far below
the Austrian average, which is presently at 9 m3 (http://waldinventur.at, accessed on 9
February 2021). Soils are derived from gneiss and schists and are sandy, rather shallow,
and poor in nutrients. The water infiltration potential is high due to the abundance of
weathered rocks, however, the water retention capacity in the rooted zone is low. The
C:N ratio is wide and both the cation exchange capacity and the base saturation are low
(Table 1).

Table 1. Chemical soil characterization. K, Ca, Mg, Al—exchangeable cations (unbuffered BaCl2
extract), CEC—cation exchange capacity, BSat—base saturation.

Depth pH C N C:N K Ca Mg Al CEC BSat
cm CaCl2 mg/g - mmolc/gram %

−10–0 3.97 450 12 38
0–10 3.83 46 1.8 26 1.4 15 2.4 53 76 24.1
10–20 4.06 19 0.9 21 0.6 2.8 1 34 40 11.0
20–30 4.18 8 0.6 13 0.5 3.6 1.3 24 31 17.3

The climatic conditions are shown in Figure 1. The Walter–Lieth diagram is based
on a 60-year record of climate data collected at the closest climatological monitoring
site, which is located 600-m below the experimental site (Figure 1). The diagram shows
permanent snow cover from November to April and a chance of low temperatures until
May. The growing season is consequently very short. Rain is quite abundant and drought
is apparently a minor threat at the site. Climate change scenarios do not show a clear trend
in precipitation patterns but a warming between 2 ◦C and 3.5 ◦C, depending on whether a
path of RCP 4.5 or RCP 8.5 is followed [3,26].

Figure 1. Walter–Lieth diagram, characterizing the climatic conditions at the experimental site, Wech-
sel. The red line shows the monthly average air temperatures, the blue line shows the monthly sums
of precipitation. The horizontal bar shows the duration of permanent (dark blue) and intermittent
(light blue) snow cover. The mean maximum daily temperature (21.4 ◦C) and the mean minimum
daily temperature (−11.5 ◦C) are also shown.

http://waldinventur.at
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The site was chosen for the experiment because the local forest owner, who had
managed the forest enterprise during four decades, observed poor performance of his
high-elevation spruce forests. Thinning operations that were expected to make more light,
nutrients, and water available to the remaining trees had little effect on the productivity.
The forest owner sought advice from scientists in order to make knowledge-based decisions
when establishing the next forest generation. The previous Norway spruce-dominated
forest was planted early in the 20th century. At that time, knowledge on tree genetics and
provenances was in its infancy [27]. It is not documented whether site-adapted provenances
have been chosen upon planting or seeding. Yet, it is well known that the forests in the
region have been unsustainably used for centuries. Litter raking has deprived the soil
nutrient pool. The timber and fuel-wood demand of the local population and the support
of a small-scale glass industry, evidenced by the name of the adjacent village, ‘Glashütten’,
led to exploitative forest use and degradation.

The previous Norway spruce stand was harvested in 2016. The stems were removed,
roots and stumps were left in the soil, and logging residues (twigs and branches) were piled
up at several stripes within the experimental site. No mulching or other soil treatment
was performed. Both the harvesting technique and the dealings with branch and needle
biomass reflect the normal modus operandi of the forest enterprise and its partners. The
experimental site was fenced in order to keep out ungulates because the population density
of ungulates is high and browsing would destroy the experiment. Just in the first year,
a dense grass cover (mostly Calamagrostis arundinacea) developed and competed with
tree seedlings for light and other resources. We did not take measures to control grasses,
although they compete for light and nutrients in the early phase of stand development. The
decision was taken because the managers of the forest enterprises in the region do without
grass control for economic reasons and accept potential growth reductions of trees in the
first couple of years. In order to ensure that our experimental site is not treated differently
from other reforestations in the region, we adopted the same strategy.

2.2. Choice of Tree Species

The present dominance of Norway spruce is driven both by the biogeographical
conditions and by forest management decisions of the past. Admixed species such as Silver
fir (Abies alba), European larch (Larix decidua), and deciduous trees were often eliminated
to follow forest concepts that were favoring Norway spruce. A further reduction of tree-
species diversity was caused by selective browsing by ungulates [28]. Climate change will
reduce the share of Norway spruce [10]. Yet, even in a warmer world, Norway spruce will
be an important tree species in Austrian mountain forests. In high-elevation regions, even
warming transiently increases the productivity of forests due to longer growing seasons.
This is particularly the case in montane and subalpine, inner-alpine forests, where forest
site conditions favor Norway spruce and exclude most competing tree species [25,29,30].

For our experiment, we used 27 tree species that are partially characterized in the
European tree atlas [31]. Their expected growth performance and their tolerance towards
frost and drought are shown in Table 2. For Norway spruce, we used different provenances:
the presently recommended provenance for the forest district (Picea abies (high elevation))
and a provenance that is recommended for lower elevation (Picea abies (low elevation)) [32].
In addition, we collected local seedlings and left space for natural regeneration (Picea abies
(natural regeneration)). Thereby, we can compare the performance of the planted Norway
spruces with the locally occurring trees. The choice of tree species for our experiment was
based on a discussion between regional forest managers, the regional forest authorities,
and scientists. The size restriction at the experimental site limited the choice of tree species.
We chose species that are expected to have relevance for timber production in the future
and, in addition, some species that may have little relevance for forest enterprise and that
are under-researched (Table 2).
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Table 2. The used tree species in the reforestation experiment together with a brief characterization of growth (3—high to
1—low) and the a priori knowledge on their tolerance towards frost and drought (3—high to 1—low). Moreover, the table
shows whether the tree species are native or non-native. ‘N.I’ stands for ’no reliable information available’.

Scientific Name Common Name Growth Tolerance Native/Non-Native
Frost Drought

Picea abies Norway spruce 3 3 1 native
Larix decidua European larch 3 1 1 native

Abies alba Silver fir 3 3 1 native
Pinus sylvestris Scots pine 3 NI 3 native
Pinus cembra Cembran pine 1 3 3 native
Pinus nigra Black pine 3 NI 3 native

Pseudotsuga menziesii Douglas fir 3 1 1 non-native
Pinus contorta Lodgepole pine 3 NI 3 non-native

Picea engelmannii Engelmann spruce 2 3 1 non-native
Abies grandis Grand fir 3 3 1 non-native

Abies nordmanniana Nordmann fir 2 NI 3 non-native
Larix x eurolepis Hybrid larch NI NI NI non-native

Fagus sylvatica European beech 1 1 3 native
Acer pseudoplatanus Mountain maple 3 NI 1 native

Sorbus aucuparia Rowan NI 3 1 native
Sorbus aria Common whitebeam 1 NI 3 native

Ulmus glabra Scots elm 2 NI 3 native
Populus tremula Eurasian aspen 3 3 2 native
Betula pendula Silver birch 3 3 1 native
Pyrus austriaca Pear NI NI 3 native
Prunus avium Wild cherry 3 NI 1 native
Salix viminalis Willow NI 1 1 native

Tilia cordata Small-leaved lime NI 1 3 native
Quercus robur Common oak 1 1 2 native
Alnus incana Grey alder 3 3 1 native

Populus tremuloides X Hybrid aspen NI NI NI non-native
Betula maximowicziana Monarch birch 3 3 1 non-native

Sorbus intermedia Swedish whitebeam NI NI 1 non-native

All trees were produced as containerized seedlings from two regional providers who
regularly do business with the forest enterprise. The planting material was delivered
in September 2017 and was immediately planted. Holes were made by a custom-made
corer with an inner diameter exactly fitting the size of the root balls of the seedlings. The
corer also had marks indicating the planting depth, as prescribed by the producer. After
inserting the seedlings in the holes, the soil was cautiously tightened and covered with the
previously removed soil. Locally collected spruce seedlings were treated differently. We
selected naturally regenerating spruce specimens of similar height as the containerized
seedlings, carefully excavated them with a spade in order to prevent root damage, inserted
them in small open pits, and refilled the holes with the previously excavated soil material.
The transfer of the naturally regenerated trees to their new growing spot was finished in
approximately 30 minutes. In the experiment, the plots with transplanted seedlings from
natural regeneration serve as a benchmark for the performance of spruce without forest
management interference.

The number of used tree seedlings reflects the trade-off between the anticipated
commercial relevance of trees in forests that are expected in the future, and scientific
curiosity on the performance of tree species. The most abundant species are the local
provenances of Norway spruce (‘high elevation’, ‘low elevation’), followed by European



Forests 2021, 12, 256 6 of 15

larch, Silver fir, aspen (Populus tremula), Douglas fir (Pseudotsuga menziesii), pines (Pinus
sp.), beech, and maple (Acer pseudoplatanus), shown in Table 3.

Table 3. Total number of tree seedlings that are used in the reforestation experiment at Wechsel.

Scientific Name Number Scientific Name Number Scientific Name Number

Abies alba 216 Picea abies (high
elevation) 432 Prunus avium 48

Abies grandis 48 Picea abies (local
regeneration) 96 Pseudotsuga menziesii 216

Abies nordmanniana 48 Picea abies (low
elevation) 216 Pyrus austriaca 48

Acer pseudoplatanus 144 Picea engelmannii 48 Quercus robur 48
Alnus incana 216 Pinus cembra 48 Salix viminalis 48

Betula maximowicziana 50 Pinus contorta 144 Sorbus aria 48
Betula pendula 48 Pinus nigra 48 Sorbus aucuparia 48
Fagus sylvatica 144 Pinus silvatica 144 Sorbus intermedia 48
Larix decidua 216 Populus tremula 216 Tilia cordata 47

Larix x eurolepis 144 Populus tremuloides 192 Ulmus glabra 47

The Austrian Forest Act limits the size of clear-cut areas and extra permission is
required to justify a larger open area. We aimed at accommodating 31 treatments (single-
species plots and plots with tree species combinations, with up to 3 replicates for each
treatment; Table 4).

Table 4. Treatments in the reforestation experiment, Wechsel. ‘n’ denotes the number of replications.

Code n Description

monospecies stands of coniferous trees
Fi 3 pure Norway spruce; provenance for high elevation
FiT 3 pure Norway spruce; provenance for low elevation
Fi+FiT 3 mixture of high and low elevation provenances of Norway spruce
FiW 2 pure Norway spruce; locally collected seedlings
Ta 3 pure Silver fir
Lä 3 pure European larch
HLä 3 pure hybrid larch
Do 3 pure Douglas fir
DKi 3 pure Logepole pine
WKi 3 pure Scots pine

monospecies stands of deciduous trees
Bu 3 pure European beech
BAh 3 pure Mountain maple
Er 3 pure grey alder
As 3 pure Eurasian aspen
HAs1 1 pure aspen clone number 1
HAs2 1 pure aspen clone number 2
HAs3 1 pure aspen clone number 3
HAs123 1 mixture of aspen clones number 1, 2, 3

mixed-species stands
Fi+Lä 3 mixture of Norway spruce (provenance high elevation) and

European larch
Do+Fi 3 mixture of Douglas fir and Norway spruce (provenance high elevation)
Er+Fi 3 mixture of grey alder and Norway spruce (provenance high elevation)
As+Ta 3 mixture of Eurasian aspen and Silver fir

other characterization
other species variable several species of interest that were planted on otherwise

unused space
0 1 natural regeneration of any tree species
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Size restrictions called for a space-efficient experimental setup. We applied a beehive-
shapeddesign that minimizes the edge effect and densely packs a maximum number of
plots in the available area. A grid of 5.4 m was set up across the entire site. Each grid point
was marked with a wooden pole. Around each pole, a group of 4 seedlings was planted.
In the upper-left corner of Figure 2, the concept is shown: one tree is planted in the center
(number 2 in Figure 2), the next one is 1.5 m to the left along the contour line (number 1),
and two more trees are 1.5 m to the right at an angle of +60◦ and −60◦ from the contour
line (numbers 3 and 4). In the treatments involving two tree species, we alternated the
planting pattern. In one 4-specimen group, the first tree species was planted in the center
and the three surrounding positions were populated with the second tree species. In the
next group, the pattern was reversed, so that we obtained a mixture ration of 50%. In the
treatment that combines 3 clones of hybrid aspen (Populus tremuloides X), we alternated the
pattern within each group in order to use the same number of seedlings from each clone.

Twelve cells are clustered to form a single plot containing 48 tree seedlings on 303 m2.
This represents a planting density of 1584 plants per hectare.

At the edges of the almost rectangular experimental site, no full plots could be fitted.
At these spots, more tree species were planted in irregularly shaped plots. We used that
space for planting several underinvestigated tree species in order to satisfy our scientific
curiosity, but not under the assumption that these tree species will be commercially relevant
in the future. The gray cell in the upper center (‘0’) was left open and allows the monitoring
of natural regeneration of any tree species.

Figure 2. The space-saving experimental design minimizes the edge effect and allows for the maximum number of plots in
a given area. The letters represent the tree species combinations on each plot. The arrangement of tree seedlings in one
individual cell is shown in the upper-left corner.
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The individual plots were spatially distributed according to a randomized process.
The choice of tree species combinations was made in a discussion with the regional
forest managers.

2.3. Phenology, Growth, Mortality

Beginning in spring 2017, we monitored the phenology of the tree seedlings. We
distinguished between needles/leaves not-yet developed, partially developed, and fully
developed. In addition, we assessed whether tree seedlings were damaged and identified
the reasons for the damage by expert judgment. Biotic damages were inflicted by weevils
(Hylobius abietis) that were unfortunately quite active in 2017 and 2018, and in 2020 by
mice. Measures to control weevils by chemical measures were only partially successful.
Abiotic damages were caused by frost. Dead seedlings were annually replaced, and the
replacement was documented. The growth performance was assessed by measuring tree
height in the autumns of 2017 to 2020. Here, we report the results of the last two years.
The relative height increment was calculated as the ratio of the height difference between
the years 2020 and 2017 and the initial height (2017). An ANOVA was used to test the
significance of differences between species and the means were compared with a Tukey
test in R version 4.0.3.

2.4. Genetics

A genetic analysis of Norway spruce was instigated in order to characterize the genetic
variability of tree seedlings from a purportedly homogenous batch, because all seeds were
collected from the provenance of Norway spruce in high elevation. Seeds were collected
from different forest stands in the same growth region [25,32]. Needles of 65 Norway
spruce specimen were picked from seedlings in summer 2019. A well-established Single
Nucleotide Polymorphism Chip for Norway spruce was used with loci characterizing
the climate, phenology, and drought stress [33]. DNA was extracted and a quality and
quantity check was done by gel electrophoresis. Data were classified with respect to
drought tolerance using machine learning [34]. A prediction accuracy of approximately
40% was achieved.

3. Results

The phenology in spring is shown in Figure 3. The early development varies widely.
The three aspen clones, alder (Alnus incana), silver birch (Betula pendula), cherries (Prunus sp.),
and rowan (Sorbus aucuparia) developed quickly, obviously rapidly responding to increasing
temperatures. The conifers (pines, firs, larches, and spruces) are showing a slower start in
spring. The differences within the Norway spruce provenances are minor. The gradual
development in the two compared years is similar. In 2019, the phenology was monitored
until the end of June. In 2020, the monitoring period was greatly extended in order to fully
capture the needle-unfolding of the particularly slowly developing Corsican pine (Pinus
nigra) and Scots pine (Pinus sylvestris).

The height of the trees in the second and third year of the experiment is shown in
Figure 4. Considering that the grasses were more than half a meter high, many tree species
were overgrown by grasses and primarily deciduous trees, which were delivered as taller
seedlings reached over the canopy of the grasses. The measured differences in heights of
different tree species were consistent between years. The ‘number of specimen’ at the top
of the graph indicates the number of measured tree seedlings. It reflects and takes into
account that many tree seedlings have died off for a number of reasons (compare Table 3).
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The annual increase of height of different tree species is shown in Figure 5. In both
years, the average height growth was modest and, in most cases, below 30 cm. Negative
height increments indicate the effect of damages, when leading shoots were either damaged
by frost or high individuals were damaged due to biotic factors such as weevils and mice.
An ANOVA showed that the differences of the relative height increment were highly
significant (Table 5). A Tukey test identified 6 groups with a considerable overlap between
the different tree species.

Figure 3. Temporal course of needle/leaf development at the experimental site of Wechsel in the springs of 2019 and 2020.
Sprouting is classified as 0—no needles/leaves emerged, 1—needles/leaves partially developed, 2—needles/leaves fully
developed.
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Figure 4. Height of trees in the reforestation experiment site, Wechsel, in 2019 and 2020. The number
of assessed seedlings is shown at the top.

Figure 5. Annual height increment of trees in the reforestation experiment, Wechsel, in 2019 and 2020.
The number of assessed seedlings is shown at the top.
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Table 5. Analysis of variance for the height increment of different tree species in the reforestation
experiment, Wechsel, between 2017 and 2020.

Effect of Tree Species Residuals

Sum of squares 221.2 617.2
Degrees of freedom 27 1279

F-value 16.9

The mortality rate of tree seedlings was very high in both seasons. Monarch peak
and alder was almost completely lost in both years and Douglas fir also did not develop
well. We observed substantial differences between the years. Beech was mostly lost in the
second year. Other tree species such as fir, pine, and rowan mostly survived (Figure 6).
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The genetic analysis showed the wide variation of drought tolerance within Norway
spruce. Among the 65 investigated specimen, 30 were intolerant to drought, 22 were
tolerant, and the remaining 13 assumed an intermediate position.

4. Discussion

The presently dominant tree species in the mountain forests of Austria is Norway spruce.
The relevance of different spruce provenances and the options for forest managers to suc-
cessfully deal with climate change have been demonstrated in several investigations [16,17].
Comparing the spruce provenances for low and high elevation, and the growth perfor-
mance of locally collected seedlings, we observed only minor differences. The timing of
sprouting and the mortality rate are similar and the annual height growth is around the
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average of the compared tree species (Figures 4 and 5). The high genetic variability of
spruce within the same provenance indicates that large flexibility with respect to an even-
tually changing water supply. We preliminary conclude that low-elevation provenances of
Norway spruce are suitable options for reforestation projects in high altitudes.

The high mortality of transplanted spruce seedlings that have been collected from
adjacent stands is in agreement with observations from the local forest manager and was
therefore expected. Transplanted tree seedlings surviving the transfer to a new location
are potentially successful. However, we do not expect that the transplanted seedlings
are a viable future option for forest managers, because the recently harvested forest was
not growing well. The transplant seedlings rather complement the experiment when
we benchmark their growth with the development of the purchased seedlings after the
experiment. It allows us to establish whether the tree species used in the experiment indeed
increase the options of forest managers in comparison to the expected natural regeneration
(Figures 3–5).

A lot of research in the context of climate-smart forestry is done on Silver fir. It is a
common native member of many forest types in the Alps and highly appreciated by nature
conservationists. Its slow, juvenile development; slightly poorer technological quality
compared to Norway spruce; susceptibility to damages caused by air pollution; and low
tolerance to deer browsing have contributed to the decline of the population in productive
forests in Austria. These adverse factors are now compensated by a higher tolerance to
drought and a higher optimum temperature compared to Norway spruce [30,35]. In our
experiment, the mortality of Silver fir was low. The performance with respect to height
growth was average, but not particularly weak (Figures 3–5). The non-native Abies grandis
was showing similar characteristics to Silver fir. Although the elevation range of the
experimental site is well within the range of the natural occurrence of Abies grandis, the low
soil fertility of the site may be an obstacle [36] (Table 1). Similar considerations apply for
Abies nordmanniana, which performed very well in the first years of the experiment.

Many pines are tolerant to a wide range of site conditions. In our experiment, we
included Scots pine, Stone pine, and Black pine as native, and Lodgepole pine as non-
native species (Figure 2 and Table 3). Scots pine is a typical late developer in spring and
is therefore believed to be especially tolerant to late frost events in spring (Figure 2). In
our experiment, the mortality rate was low and the height growth was above average.
Black pine, which grows naturally at low elevations, performed poorly. A relevant factor
may be that the delivered first batch of seedlings was tiny and had little chance to cope
with the transfer from the production site to a harsh environment. The compared Stone
pine is typically encountered in high-elevation ecosystems [30]. It is usually not seen as
an option for mountain forests in a warmer world [37,38]. We introduced Stone pine in
order to properly reflect both present and future site conditions. Stone pine is presently
developing slowly, undeterred by mortality for biotic or abiotic factors. Under future
climatic conditions the experimental site may well be far out off the range of site conditions
where Stone pine belongs. Eventually, Stone pine may be pushed out of its natural habitat,
as it has been demonstrated for herbaceous plants [39,40]. The non-native lodgepole pine
was developing in a similar fashion to Scots pine (Figures 3–5).

The non-native Douglas fir is considered as an economically viable alternative for
Norway spruce. It is particularly interesting because it is a native species sensu lato
that was ‘lost’ during the Pleistocene and could be reintegrated in the flora of Central
Europe [41]. Among the many provenances of Douglas fir, only some may be relevant
for mountain forests in Austria in a future climate. However, in our experiment Douglas
fir was performing poorly so far. The mortality was exceptionally high (>60%). Frost
damaged the tree species, although did not distinctly belong to early developers. The
height growth was above the average of the compared species (Figures 3–5). Due to its
high mortality, Douglas fir is not considered as additional ‘treatment’ in the future of the
experimental site.
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Deciduous trees were quite different to the conifers. When delivered and planted, the
specimens were taller than coniferous trees. An obvious choice for our experiment was
birch and we included two species (compare Table 2), i.e., Silver birch and Monarch birch.
Birch is a common tree species in Nordic countries and was expected to perform well at
the experimental site. However, both species showed a high mortality rate. The harsh
climate conditions may be an important factor, but we mostly consider damages inflicted
by weevils and mice as the main reasons. Birch is definitely a late-developing species
(Figure 3), thereby avoiding the deleterious effect of late frost. Particularly successful in
our experiment were, until now, the members of the Sorbus genus. We included Rowan
and Common whitebeam as native trees in mountain forests and Swedish whitebeam as
the non-native species. Sorbus had similar sprouting characteristics (Figure 3) and a low
mortality rate. Rowan withstood biotic stress better than other species of the genus.

Maple was expected to be a sure high-performer. In the vicinity of the experimental
site, we encountered patches of maple in the spruce-dominated forests. However, maple
suffered from damages inflicted by weevils and mice. The absence of maples in the
presently encountered forests gives reason to believe that under current management
strategies and site constraints, the species is not competitive.

The poor performance of typical low-elevation species such as oak, cherry, and pear
indicates a major challenge of ‘assisted tree migration’. These species may well thrive
under future climatic conditions, but it is risky to include them in reforestation experiments.
Overall, they are suffering from frost in high elevation, and a small proportion of the
planted specimen has a chance to survive the juvenile phase.

We included additional species in our experiment, but we are reluctant to express
a final verdict on their future performance. Although the phenology in spring shows
clear patterns in both years of observations, the height growth has been less consistent.
Even when tree species are quite successful during several years, they may be vulnerable
to extreme climatic episodes that are not reflected in long-term climatic averages. Frost
events in late spring and early summer can confine the range of options when choosing
tree species for the next forest generation. Species that are developing their needles/leaves
early in spring require a high frost tolerance, because late frost will inevitably happen
eventually in mountain forests of the Eastern Alps.

The mortality rate of trees was frustratingly high. Yet, we learned from experience that
experiments in high-elevation forests need to be tightly controlled in order to reduce the
potential stress factors. Biotic damages due to weevil attacks or mice are totally unrelated to
site conditions and climate change, and the performance of trees affected by them does not
contribute greatly to the knowledge on future forest management options. However, every
effort is made to minimize the effect of undesired and uncontrolled effects on experimental
outcomes. The experimental team is required to minimize external and random effects
such as damages due to weevil or mice populations in order to isolate the response factor,
i.e., the response of tree species to future site conditions. In order to strengthen the power
of the experiment, additional activities are recommended. Fencing the experimental plot
was already justified in order to minimize the damages inflicted by deer. Defense measures
against pests (e.g., weevils and mice) must be considered in order to ensure maximum
effectiveness of the conducted experiment.

The future of forests in mountain environments is at stake, and forestry relies on
many controlled experiments in order to draw reproducible conclusions for climate-smart
forestry. The described experiment here is one of many required building blocks for
establishing knowledge for science-based solutions. The design of the experiment is capable
of maintaining a high tree species diversity, even after thinning operations. The alternation
of tree species in each 4-tree group, as described in the experimental setup, ensures that
the main tree species are continuously represented. With one tree remaining in each 4-tree
group after thinning, the forest will maintain a high tree-species diversity (Figure 2). An
element that we could not yet exploit in our analysis is the natural regeneration of different
tree species at the experimental site. Monitoring in the future will show how transplanted
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spruce seedlings and natural regeneration of any tree species will perform in comparison
to the planted trees. Thereby, we will be able to determine effects of the natural process
compared to active reforestation.
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