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Abstract

Stone Pine (Pinus cembra L.) grows preferentially in the higher elevations of the Euro-
pean Alps and Carpathians with a slow juvenile growth but exhibits a strong econo-
mic potential. This study provides an insight to the altitudinal distribution of Stone
Pine in the Styrian Alps as indication for forest management concepts to increase the
stability and resilience of alpine mountain forests in the context of a changing clima-
te. In the FORSITE project (Dynamic Forest Site Classification), data concerning relief,
soil, ground vegetation, tree- and stand characteristics were gathered at 1803 forest
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site investigation plots and analyzed as basis for creating a forest site classification
system for the Austrian province of Styria. Out of the total plots Stone Pine was found
on 98 forest sites ranging between 1250 m and 2050 m asl. Stone Pine is typically
dominant in the forest stands within the upper forest vegetation zones (very cold,
cold and moderately cold) with shares >50 %. The subdominant admixture of Stone
Pine in the cool forest vegetation zones (very cool, cool and moderately cool) is emp-
hasized. A tendency for increasing productivity (Site Index 100) related to decreasing
elevation was found. The potential drivers for the current distribution of Stone Pine
in Styria, the economic use, silvicultural measures to enhance the resilience of moun-
tain forests and potential risks are discussed.

Zusammenfassung

Die Zirbe (Pinus cembra L.) wéachst bevorzugt in den héheren Lagen der europdischen
Alpen und Karpaten und weist dabei ein langsames Wachstum in der Jugend, aber
ein hohes wirtschaftliches Potenzial auf. Diese Arbeit gibt einen Einblick in die Ho-
henverbreitung der Zirbe in den steirischen Alpen als Hinweis fiir mégliche Waldbe-
wirtschaftungskonzepte zur Erh6hung der Stabilitat und Widerstandsfahigkeit von
alpinen Bergwaldern im Klimawandel. Im Zuge des FORSITE Projektes (Dynamische
Waldtypisierung) wurden Daten zu Relief, Boden, Bodenvegetation, Baum- und Wald-
bestand an 1803 Stichprobenflachen erhoben und als Grundlage fiir die Erstellung
einer Standortsklassifikation fir das Bundesland Steiermark verwendet. Von dieser
Gesamtzahl wurde die Zirbe auf 98 Erhebungsflachen zwischen 1250 m und 2050
m .M. gefunden. Die Zirbe ist dabei in den Waldbestanden der oberen Waldvegeta-
tionszonen (sehr kalt, kalt und maBig kalt) mit Anteilen >50 % dominant. Hervorge-
hoben wird die subdominante Beimischung von Zirbe in den Erhebungsbestanden
der kiihlen Waldvegetationszonen (sehr kihl, kiihl und maBig kiihl). Es wurde eine
Tendenz zu steigender Produktivitat (Site Index 100) bei abnehmender Seehéhe fest-
gestellt. Die potenziellen Treiber fiir die aktuelle Verbreitung der Zirbe in der Steier-
mark, die wirtschaftliche Nutzung, waldbauliche MaBhahmen zur Erh6hung der Wi-
derstandsfahigkeit der Bergwalder und maégliche Risiken werden diskutiert.

1 Introduction

Stone Pine (Pinus cembra L.), also known as Swiss Stone Pine, Austrian Stone Pine,
Arolla Pine or Cembran Pine, is a tree species which grows preferentially in the hig-
her elevations of the European Alps (Korner 1998, Willner & Grabherr 2007, Badino
et al. 2018) and Carpathian mountain ranges (Caudullo et al. 2017, Popa et al. 2017,
Nagavciuc et al. 2020, Zieba et al. 2020). Due to its considerable frost resistance, it can
withstand harsh climatic conditions on sites, where temperature is one of the limiting
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factors for tree growth (Hatenschwiler & Kérner 1995, Kérner 2003). This is a capabili-
ty, which signifies Stone Pine (SP) as a tree species of the upper conifer forest belt of
these European mountain ranges, where in some regions SP shapes the timber and
tree lines (Korner 1998). However, SP does not occur consistently within this upper
forest belt of the respective mountain ranges. In some alpine regions it grows domi-
nantly by forming vast SP stands, while in neighboring regions it may be missing or
growing only sparsely at the tree and timber lines. However, the reasons for the in-
consistent occurrence of SP are not well understood yet. A spatially coarse European
distribution map shows that the Styrian SP stands are situated at the easternmost
border of the alpine SP chorology (Fig. 1, Caudullo et al. 2017).

SP is a tree species with slow juvenile growth (Mayer 1992, Ulber et al. 2004, Schiitt et
al. 2008), a fact which in forest management sometimes requires silvicultural regula-
tion of growing space for SP in relation to coexisting and faster growing tree species
such as Norway Spruce (Picea abies (L.) Karst.) or European Larch (Larix decidua Mill.)
(Gugerli et al. 2022). SP exhibits a strong economic potential, for its timber used for
furniture, its non-wood forest products such as essential oil from the needles and
other tree compartments (Apetrei et al. 2013, Chizzola et al. 2021, Kadim et al. 2023,
Czakert et al. 2024), liqueur from the cones and further health related products such
as wood chips favored for their smell (Grote et al. 2021). This makes SP an interesting
species in the context of the economic aspects of forest management. Under the
harsh climatic conditions that prevail at the timber line of the Alps and Carpathians,
SP additionally plays an important role in protection forests. In fact, on steep slopes
of the mountain ranges SP exerts an important protective function against natural
hazards such as avalanches, rockfall, flooding, soil erosion, landslides and debris flow
(Jandl et al. 2018).

Between 2018 and 2023 the project‘Dynamic Forest Site Classification’ (FORSITE) was
carried out in the Austrian province of Styria (Fig. 1). Based on a stratified sampling
design data including information on relief, soil, vegetation, tree and stand characte-
ristics were collected. Combined with other regionalized information such as climate
parameters (Lehner et al. 2023 & 2024a & 2024b) and information on geological subs-
trate (Simon et al. 2021, Wilhelmy 2021, Brandstatter et al. 2023), these data were used
for developing a forest site classification model and for creating detailed forest site
maps covering the entire forest area of Styria (Landesforstdirektion Steiermark 2023).

A key question arose, whether the actual occurrence of SP is restricted to the upper
forest belts of the Styrian Alps or whether it also extends into lower altitudes. The
present paper aims to explore:

(i) The current distribution and dominance of SP in forest stands along an altitudinal
gradient

(ii) The variation of productivity of SP along an altitudinal gradient

(iii) The role of site factors in explaining the current distribution of SP



Seite 116 Koeck et al.

Based on the gathered insights we finally provide recommendations on the cultiva-
tion of SP to increase tree species diversity and the resistance and resilience of forest
ecosystems in Styria.

B8 Distribution range of Pinus cembra
¥ Isolated populations of Pinus cembra

N
A 0 200 400 km

Figure 1: Location of the project area, the Austrian province of Styria (red outline) in Europe, and the
coarse-scale map of European SP (Pinus cembra) distribution (Caudullo et al. 2017).

Abbildung 1: Lage des Projektgebietes im Osterreichischen Bundesland Steiermark (rot umrandet) in
Europa und die groBmafstabliche Karte zur Verteilung von SP (Pinus cembra) in Europa (Caudullo et
al. 2017).
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2 Methods
2.1 Data investigation

In the FORSITE project, field data on relief, soil, ground vegetation, tree- and stand
characteristics were gathered at 1803 forest site investigation (FSI) plots and analy-
zed as basis for creating a forest site classification system for the Austrian province of
Styria. The distribution of the FSI plots was oriented towards covering the entire forest
area of Styria and at representing the diversity of geological substrates, relief types,
slope expositions and climatic forest vegetation zones (see below for an explanation
of the concept of forest vegetation zones). The FSI data was analyzed (a) regarding
the occurrence of SP in a 50 x 50 m forest stand plot, categorized into dominance
classes and (b) regarding tree-level measurements such as diameter at breast height
(DBH), tree height and increment cores from a tree sample. Additionally, soil para-
meters, ground vegetation and general relief information including elevation above
sea level were analyzed for all FSI plots where SP was present. Based on measured top
height and available information on tree age from increment cores, a site index as the
dominant height of a tree species at the age of 100 years (SI100) was calculated to
characterize the growth potential of SP at specific forest sites.

During the field campaign for creating the FSI database, Vertex was applied for mea-
suring tree height and an increment borer for extracting increment cores. Tree ring
analysis was carried out in the dendrological laboratory using microscope technique
and synchronization of tree ring series. Ground vegetation was assessed by using
an extended Braun-Blanquet (Braun-Blanquet 1964) scale and analyzed to assign its
corresponding forest community (phytosociology according to Willner & Grabherr
2007). Soil parameters were assessed in hand-digged soil pits using the Austrian Soil
Classification System (Nestroy et al. 2011) and the field assessment methods of the
Austrian Forest Soil Monitoring (Blum et al. 1989) as well as the German instructions
for soil mapping (KA5; Ad-Hoc-AG Boden 2005) for the assessment of soil physical
parameters. At a subset of 400 selected FSI plots, field assessments were comple-
mented with physical and chemical laboratory analysis of collected soil samples. For
the remaining FSI plots without laboratory analysis, the respective parameters were
based on the analyzed data. The base saturation class of the forest sites, which is an
indicator for nutrient supply (Englisch et al. 2023, Kolling 1996), was derived by com-
bining geological substrate information (Brandstatter et al. 2023, Simon et al. 2021,
Wilhelmy 2021) with chemical parameters of the soil layers and with indicator values
of ground vegetation species (Ellenberg et al. 1992).
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2.2 The concept of forest vegetation zones

/| Forest Vegetation Zone
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I very cool
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Figure 2: Distribution of forest site investigation plots (FSI) with presence of Stone Pine (SP) over the current
Forest Vegetation Zones (FVZ) in the Austrian province of Styria.

Abbildung 2: Verteilung der Waldstandorts-Erkundungsflachen (FSI) mit Zirben-Prdsenz (SP) Gber die
aktuellen Waldvegetationszonen (FVZ) im 6sterreichischen Bundesland Steiermark.

For analyzing the altitudinal distribution of SP, the concept of forest vegetation zo-
nes (FVZ) was applied, being the indicator for the warmth-gradient of the forest site
model. FVZ were defined for the purpose of a climatic stratification of the Styrian fo-
rest area. The concept of the FVZ as used in FORSITE is dynamic, as those may move
in the landscape with changing climate and was developed as a climate sensitive
alternative to the historic and static altitudinal zones for Austrian forests (Kilian et
al. 1994) ranging from high subalpine levels to colline lowlands. Ongoing climate
change was the main motivation for this dynamic concept. Hence, the altitudinal
range of the FVZ varies according to the specific regional climates and relief types
(Englisch et al. 2023). Under current climatic conditions, Styria is classified into ten
FVZ spreading from the uppermost and mountainous ‘very cold’ to the ‘moderately
warm’FVZ in the Styrian flatlands (Fig. 2). Table 1 provides additional information on
the six upper FVZ with current presence of SP in Styria. According to the FVZ concept
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used in FORSITE, SP is a characteristic tree species of the uppermost ‘very cold’and
‘cold’ conifer FVZ.

Table 1: Forest Vegetation Zones (FVZ) with current presence of Stone Pine (SP) in Styria including their
corresponding characteristic tree species and the historic terms of the altitudinal zones.

Tabelle 1: Waldvegetationszonen (FVZ) mit aktueller Prasenz von Zirbe (SP) in der Steiermark,
charakteristische Baumarten und die korrespondierenden Bezeichnungen der historischen
Héhenstufen sind inkludiert.

Acronym of | Forest Vegetation Type of Characteristic Historic term -
FVZ Zone (FVZ) Forest Zone tree species altitudinal zone
ved very cold conifer SP high subalpine
cd cold conifer SP, NoS middle subalpine
mcd moderately cold conifer NoS lower subalpine
vco very cool conifer NoS, SF upper montane
co cool mixed and conifer EB, SF, NoS high montane
mco moderately cool mixed NosS, SF, EB middle montane

Tree species acronyms: SP...Austrian Stone Pine (Pinus cembra); NoS...Norway Spruce (Picea abies); SF...Silver Fir (Abies alba);
EB...European Beech (Fagus sylvatica)

The Styrian site classification system combines three axes for defining distinct forest
site types:

(1) the forest vegetation zones (FVZ) ranging from ‘moderately warm’to ‘very cold’ as
indicator for the warmth-gradient (Tab. 1, Fig. 2),

(Il) the water regime class and

(Il the base saturation class as indicator for nutrient supply (Tab. 2).

The synopsis of the three axes defines each site type based on the specific forest site
conditions.

Table 2: Distribution (%) of the 98 FSI plots with SP presence over the Base Saturation Classes.

Tabelle 2: Verteilung (%) der 98 FSI Flachen mit Zirben-Prasenz (SP) tiber die Basensattigungsklassen.

c g r m u e
23 % 2% 5% 5% 45 % 20 %

Base Saturation Class with corresponding percentages of base saturation: “c”...carbonatic (> 90 %, base saturated, but
lopsided base saturation), “g”...base saturated (> 90 %), “r”...base rich (60 — 90 %), “m”...moderate base saturation (35 —
60 %), “u”...low base saturation (8 — 35 %), “e”...extremely low base saturation (< 8 %).
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The corresponding forest site maps cover the entire forest area of Styria, providing
spatially explicit information at a resolution of 30 m x 30 m and are digitally available
for local forest owners and managers (Landesforstdirektion Steiermark 2023).

2.3 Data analysis

Data analysis was restricted to the Styrian FSI plots showing presence of SP at the
forest stand level (50 x 50 m). Information about the FVZ and the base saturation class
at each FSI plot was extracted from the spatially modelled maps of the Styrian forest
site classification system. The dominance classes of SP were derived from the 50 x 50
m stand data pool, whereas the growth potential of SP at the forest sites (Shoo) were
calculated based on data from the tree sample of the FSI plot data base. The presen-
ce of Rhododendron species in ground vegetation was derived from the respective
Braun-Blanquet phytosociological data of the FSI plots. Response-variables such as
presence of SP, dominance class and Slioo were analyzed along gradients of (a) FVZ
and (b) base saturation class by using descriptive statistics (gradient-analysis). Infor-
mation on Rhododendron species in ground vegetation was obtained from a presen-
ce-analysis in the respective phytosociological data set.

3 Results

Out of the Styrian FSI data pool (1803 plots), SP was found on 98 forest sites. The
current occurrences of SP in Styria range between 1250 m and 2050 m asl while the
uppermost limit of the ‘very cold’ FVZ (the coldest one in Styria - ‘vcd’) is situated
around 2300 m asl.
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Figure 3: Distribution of the FSI plots (n = 98) with presence of Stone Pine (SP) over the Forest Vegetation
Zones (FVZ).

Abbildung 3: Verteilung der Waldstandorts-Erkundungsflachen (FSI, n = 98) mit Zirben-Prasenz (SP)
Uiber die Waldvegetationszonen (FVZ).

The sampled data do not describe the whole distribution of SP in Styria but provide
information about its altitudinal spread, its dominance and its growth potential (pro-
ductivity) in dependence of forest site parameters. The spatial distribution of Styrian
FSI plots with SP occurrence (Fig. 2) shows the main areas where this tree species
forms forest stands, like Gurktaler Alpen, Zirbitzkogel, Niedere Tauern, Dachstein or
Totes Gebirge. Even the easternmost sites of Austria with current SP forest stands
which can be found in the Gesause mountain range (Carli 2014, Langmaier & Hoch-
bichler 2015), were covered by the survey.

All 98 FSI plots showing presence of SP were assigned to the corresponding FVZ of
the forest site maps. Data analysis shows that SP occurs within the upper six FVZ in
the western mountain ranges of the province of Styria (Fig. 2 and Fig. 3). The main
share of the FSI plots showing presence of SP is situated within the ‘moderately cold’
FVZ (44 %), while 26 % of the SP plots are located in the ‘cold’and 19 % in the ‘very
cool’ FVZ. In the ‘cool’ FVZ 7 % of the plots were found (Fig. 3). The uppermost ‘very
cold’ and the lowermost ‘moderately cool’ FVZ with occurrence of SP only show a
small number of FSI plots with SP presence.
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The distribution of the 98 FSI plots over the base saturation classes (Tab. 2) shows that
SP presence is concentrated on forest sites with the classes ‘u’ and ‘e’ (low base satu-
ration) but also with the carbonatic class ‘c’ (high, though lopsided base saturation).

The dominance classes of SP (i.e. shares of this tree species in the forest stands)
among the FSI plots were analyzed on the 50 x 50 m sample plot level. Figure 4 shows
that within the upper three cold FVZ (‘vcd; ‘cd), ‘'mcd’), SP is typically dominant (shares
of 51-100 %). It became evident that also in the lower three cool FVZ (‘mco) ‘co’ ‘vco’),
SP can establish as subdominant tree species (shares of 26-50 %) (Fig. 4).
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Figure 4: Proportional representation of dominance classes of Stone Pine (SP) in the Forest Vegetation
Zones (FVZ) among analyzed forest site investigation plots (FSI, n = 98).

Abbildung 4: Proportionale Darstellung der Dominanzklassen von Zirbe (SP) in den Wald-
vegetationszonen (FVZ) innerhalb der analysierten Waldstandorts-Erkundungsflachen (FSI, n = 98).

As expected in terms of productivity, a tendency of increasing Shoo values with de-
creasing elevation was identified (Fig. 5). Only in the cool FVZ the situation is slightly
different, which could be explained by partly low base saturation values at analyzed
forest sites, which besides low temperatures can also cause low productivity.
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Figure 5: Proportional representation of the Site Index classes (Shoo) of Stone Pine (SP) over the Forest
Vegetation Zones (FVZ) in the analyzed forest stands derived from the FSI plot (n = 98) data.

Abbildung 4: Proportionale Darstellung der Site-Index-Klassen (Shoo) von Zirbe (SP) Uber die
Waldvegetationszonen (FVZ) in den analysierten Waldbestanden, hergeleitet von den Waldstandorts-
Erkundungsflachen (FSI, n = 98).

Analysis of the ground vegetation reveals that 60 % of the FSI plots with presence of
SP also show occurrence of Rhododendron species (Rhododendron ferrugineum and
Rhododendron hirsutum), which also indicate grazing activities by domestic animals
(alpine pastures).

4 Discussion
4.1 Potential drivers for SP occurrence in Styria

In the Alps the occurrence of forest stands with dominant or sub-dominant SP is com-
monly expected to be restricted to the upper-subalpine zone (which corresponds to
the ‘cold’ and ‘very cold’ FVZ), with a related altitudinal range of approximately 1700
m to 2400 m asl in the Eastern Alps (Willner & Grabherr 2007; Mucina et al. 1993; Ma-
yer 1974). Results of the current investigations indicate that in Styrian forests SP can
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occur widespread over an altitudinal range between 1250 m and 2050 m asl. The fact
that in Styrian mountain ranges the presence of SP extends downwards to the mo-
derately cool FVZ ('mco’) and that forest stands with SP also occur in lower altitudes
around 1500 m asl was unexpected. The proportion of FSI plots with SP occurrence in
the ‘very cool’ FVZ (‘'vco;, Fig. 3) should be particularly highlighted, as for this FVZ the
thermally more sensitive and demanding Silver Fir (Abies alba Mill.) is mentioned as
characteristic tree species (Tab. 1). The fact that in the Styrian Alps SP can also form
forest stands at elevations around 1500 m asl is additionally supported by the spatial
extension of the category of mixed Norway Spruce, European Larch and Austrian Sto-
ne Pine stands in the tree species map of the Austrian Forest Inventory (BFW 2025).
In his later works also Mayer (1992) describes a rather wide altitudinal range of SP in
the Austrian Alps. In addition, it has to be taken into account, that the current projec-
tions of the forest vegetation zones in the FORSITE project are based on the climate
data of the last 30 years, which considers a shift of the altitudinal ranges to higher
elevations to some extent due to the increasing temperatures. However, most of the
investigated forest stands originate from the 19th century, where the climate might
have placed the current forest vegetation zones some 200-300 m lower and not all
forest stands have yet been able to adapt to this change.

The potential drivers for the presence of SP in forest stands, especially within the
three lower situated cool FVZ (‘'mco; ‘co; ‘vco’), could be of agricultural or forestal na-
ture. Many SP stands are associated with alpine pasture activities, which create rat-
her open forest stands where Rhododendron species (Rhododendron ferrugineum and
Rhododendron hirsutum) can establish. These Rhododendron species host the fungal
species Chrysomyxa rhododendri, which in turn can infect Norway Spruce (Picea ab-
ies L.) individuals as an intermediate host and hence diminish spruce competitivity
(Oberhuber et al. 1999). Reduced vitality of Norway Spruce can thus lead to impro-
ved light conditions for SP for gaining or maintaining dominance on mountain forest
sites situated at lower altitudes, where it co-exists with Norway Spruce or European
Larch. In fact, at 60 % of the analyzed FSI plots presence of Rhododendron species was
identified in the ground vegetation. Furthermore, the rather open structure of alpine
forests influenced by pasture activities reduces competitive stress and can thus facili-
tate SP in relation to Norway Spruce.

Forest management might be another driver of SP dominance considering the fin-
dings in forest history of the western Styrian mountain district Murau by Johann
(2021). The studies demonstrate that since the 14™ century forests and water of the
district were used for the industrial production of iron, copper, silver, etc. In order to
maintain the supply of charcoal for the blast furnaces, vast forest areas were clear-cut,
with only small forest strips remaining between the harvested areas. First mentioned
in the year 1775, artificial regeneration activities using the sowing technique were
applied to countervail the deforestation process. Extensive afforestation activities ba-
sed on the planting of seedlings are documented for this area around the mid of the
19% century, involving mainly Norway Spruce, European Larch and Austrian Stone
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Pine. During this time also most of the mining activities were stopped and the last
blast furnace in the village of Turrach was abandoned in the year 1909, which facilita-
ted the re-establishment of forest cover in this Styrian district (Johann 2021). Various
forest stands with dominant SP in Styria are thus assumed to result from artificial re-
generation, which is in agreement with Lick (1991), who describes the plantations of
SP stands at 1300 m.a.s.l.

Furthermore, the cooler climate in Austria during the estimated establishment of cur-
rent SP stands 150 years ago (Formayer et al. 2009, Liu 2024) could have contributed
to a better growth performance of SP in relation to the thermally more sensitive and
demanding Norway Spruce and European Larch at some forest sites and hence might
have facilitated SP dominance. However, under currently increased thermal conditi-
ons SP is still vital and growing successfully within the forest stands at the analyzed
FSI plots in Styria.

Another important natural driver for SP distribution is the Spotted Nutcracker (Nu-
cifraga caryocatactes). This bird species predominantly creates its seed caches in the
already forested area and supports seed dispersal of SP at both the upper and lower
elevational range of the current distribution (Neuschulz et al. 2018). In the long run,
this can also lead to a higher altitudinal range of SP depending on the food availabi-
lity for the Spotted Nutcracker.

A differentiation of whether a forest stand with dominance of SP was established by
afforestation activities or by natural forest succession was not carried out in this study.
Answering this question may be a challenging task due to a lack of documentation.

4.2 Silvicultural aspects regarding Stone Pine

As the analysis of presence, dominance and growth potential of SP proved its suita-
bility on specific forest sites of the upper six FVZ, SP cultivation seems to be a viable
option for forestry within these forest areas, if effects of competition are particularly
considered by silvicultural management. Table 3 shows an evaluation with regard to
the potential for SP cultivation and silvicultural treatment demand on different forest
sites depending on FVZ and base saturation classes.
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Table 3: Distribution of the Base Saturation Classes within the Forest Vegetation Zones (FVZ) over
the Styrian forest area, displaying the related silvicultural treatment demand (STD) for Stone Pine (SP)
cultivation, values in hectare (ha).

Tabelle 3: Verteilung der Basensattigungsklassen innerhalb der Waldvegetationszonen (FVZ) Giber die
steirische Waldflache; der zugehdrige waldbauliche Behandlungsbedarf (STD) fiir Zirben-Kultivierung
(SP) ist dargestellt, Werte in Hektar (ha).

Fvz Base Saturation Class

c G R m u e
ved 664 77 218 432 669 191
cd 11330 987 1518 3501 11807 2991
med 18294 2520 2669 4656 23713 9262
vco 19501 4915 3695 5573 32192 16219
co 8199 11161 23911
mco 21138 27833 28669

Sector A ... coldest FVZ, high shares of SP occurrence, low STD

Sector B ... potentially high silvicultural demand for SP, medium STD

... lower two cool FVZ, cultivation of SP possible, medium to high STD

... nutrient rich sites, very high STD, low current occurrence of SP

Within the two uppermost FVZ (‘'vcd’and ‘cd’) low silvicultural treatment demand for
SP is assumed (sector A in Tab. 3), as SP either is already present and should be able
to establish through natural regeneration or could be successfully planted and sub-
sequently form forest stands as the dominant tree species. A detailed analysis of re-
generation data at the FSI plots was hampered by the fact, that natural regeneration
is hindered at several sites due to the browsing impacts of wild ungulates.

Especially in the lower situated four FVZ ranging from ‘mcd’ to ‘mco; cultivation of
SP could be an important silvicultural option on forest sites with extremely low base
saturation values (base saturation class‘e’), as the set of suitable tree species is limited
there (‘e’in sector B of Tab. 3; this applies to 52,581 ha of the Styrian forest area). On
such sites, SP could substantially increase forest ecosystem stability and resilience,
as it would increase tree species diversity and could be planted as an alternative to
the currently bark-beetle threatened Norway Spruce and thus could help mitigating
negative effects of climate change on forest ecosystems. Given the fact that FVZ ‘vco’
and ‘mcd’ are pure conifer forest zones, related sites with suboptimal nutrient supply
can be described as areas with a potentially high silvicultural demand for SP cultiva-
tion ('c; ‘g’ and ‘U’ in sector B of Tab. 3). On such sites, silvicultural treatment demand
(e.g. growing space regulation) for SP cultivation would be medium as SP faces com-
petition from Norway Spruce or European Larch.
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In contrast, on nutrient rich forest sites with high productivity (base saturation classes
‘r"and ‘m’) cultivation of SP would require intense silvicultural treatment like growing
space regulation, as SP would face strong competition from e.g. Norway Spruce (sec-
tor D in Tab. 3; this is the case for 84,925 ha of the Styrian forest area). On such forest
sites cultivation of SP would be mainly motivated by economic reasons and establish-
ment of SP stands would only be possible in a forest-plantation. On sites of the lower
FVZ ‘co’ and ‘mco’ showing suboptimal nutrient supply, SP could only be cultivated
with medium to high silvicultural treatment demand (sector C in Tab. 3), as SP would
face competition from several tree species like Norway Spruce or European Beech
(Fagus sylvatica L.).

On several different forest site types in Styria, SP cultivation could substantially in-
crease forest ecosystem stability and resilience. Under current climate, 213,582 ha
of the Styrian forest area can be regarded as suitable for the cultivation or natural
regeneration of SP (sectors A and B in Tab. 3), postulating a low to medium silvicul-
tural treatment demand on these areas for achieving this aim. Existing forest stands
with dominant and subdominant SP show a tendency towards successful natural re-
generation of SP, hence the maintenance of SP dominance in such forest stands is
assumed to require minor silvicultural treatment. However, for successful SP regene-
ration, whether natural or artificial, wild ungulate regulation is required. The fact that
planted SP has been found to be susceptible to game damage (Gugerli et al. 2022)
puts even a stronger emphasis on game regulation measures for any SP cultivation
or afforestation activities in mountain forest ecosystems in order to avoid or mitigate
these threats.

Also the potential risks for SP cultivation regarding pests and diseases must be con-
sidered. SP can face e.g. infection with Dothistroma septosporum (a fungal disease -
Pine needle blight) which can lead to brown needles especially in the lower section
of tree individuals (Kirisits & Cech 2007), although reports about related SP die-back
were not found until now. But the bark-beetle species Ips amitinus occuring in the
Austrian Alps above 1000 m asl and is spreading up to the tree-line, can potentially
affect the conifer species in this altitudinal zone and hence also SP (Stauffer & Zuber
1998) similarly to Pinus sibirica in Siberia (Pavlov et al. 2023). This can lead to SP die-
back, as currently reported from foresters in Styria. The fungal disease Phacidium in-
festans can be avoided through careful selection of the sites (micro-sites with shorter
snowpack-duration) for SP cultivation (Ebner & Scherer 2001).

4.3 Economic use of Stone Pine products

Besides being beneficial for forest ecosystem resilience, cultivation of SP can be
considered as economically attractive. The high economic value of SP is particularly
highlighted by its timber prices. In fact, timber products (e.g. furniture produced from
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SP timber) are highly demanded and obtain impressive prices. In Austria, for instance,
two- to five-fold prices are reached for timber from SP compared to other conifers
(Fig. 6). Additionally, the price for SP timber increased substantially during the last ye-
ars, also in comparison to the timber prices of other conifer species in Austria accor-
ding to the report of timber market in Tyrol (Fig. 6, Amt der Tiroler Landesregierung
2024), which is one of the sparse statistically relevant collection of revenues.

The high prices for SP timber may be explained by the aromatic scent and the high
quality of SP lumber, it is lightweight, the knotholes are firmly interconnected with
the surrounding lumber and it is easily workable. Due to this fact, “knottiness” is a
desired qualitative aspect of SP timber (Langmaier 2013), which is in contrast to tim-
ber quality standards of other tree species. Additionally, a variety of non-wood forest
products derived from SP are marketed, thus enhancing its economic use (Vacik et
al. 2020). The essential oil of SP is one example obtained from the distillation of the
branches and cones of this tree species, which is produced in Austria and Italy. The
effect of the essential oil is described as relaxing, anxiety-relieving and calming (Cza-
kert et al. 2024) and is often used in the wellness industry. It is applied in medicine,
aromatherapy, local liquor production and in the fragrance industry (Chizzola 2021).
Most of SP essential oil, which is rich in oxygenated terpenes, occurs in cones, with
unripe cones delivering almost twice as much oil as ripe cones, whereas the wood
only contains negligible amounts of the oil (Lis et al. 2017).

The flavonoid Pinocembrin was first detected in Pinus cembra and named accordingly
(Erdtmann 1944). The essential oil of SP displayed high antimicrobial activity against
the gram-positive bacteria Sarcina lutea and Staphylococcus aureus and the patho-
genic yeast Candida albicans (Apetrei et al. 2013). It also showed bactericidal effects
against other bacterial strains (Garzoli et al. 2021).
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Figure 6: Development of timber prices per cubic meter (€ per m3) from 1996 to 2023 in the Austrian
province Tyrol, compared between Stone Pine (Pinus cembra), Scots Pine (Pinus sylvestris), Norway Spruce
(Picea abies) and European Larch (Larix decidua) (Amt der Tiroler Landesregierung 2024).

Abbildung 6: Entwicklung der Rohholzpreise per Festmeter (€ per m3) von 1996 bis 2023 im
Bundesland Tirol, verglichen zwischen Zirbe (Pinus cembra), Waldkiefer (Pinus sylvestris), Gemeine
Fichte (Picea abies) und Europadische Larche (Larix decidua) (Amt der Tiroler Landesregierung 2024).

The cones of SP are also used for the production of liqueur, which is well renowned
for its particular taste and used in many different forms. The seeds of SP are known
for their delicious flavor and high nutritional value, being a rich source of proteins
(17-18%), fats (50-59%) and carbohydrates (17%) (Mutke et al. 2013, Vacik et al. 2014).
Essential minerals such as Zn, S, P, Na, Mn, Mg, K, Fe, and Ca were detected in Austrian
samples of pine nuts (Kadim et al. 2023). The products derived from SP can therefore
be assumed to have the potential to play a more important role in rural develop-
ment, by generating socio-economic benefits to a range of actors along the entire
value-chain spanning from the forest owner to the retailer who sells a product as a
service to the final customer (Huber et al. 2019, Huber et al. 2023). This can lead to
the development of new innovative business plans where more traditional, timber-
production oriented forest management concepts can be integrated with non-wood
forest products management, resulting in a co-production of forest products (Vacik
etal. 2020).
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5 Conclusions

The project ‘Dynamic Forest Site Classification’ (FORSITE), which was carried out bet-
ween 2018 and 2023 in the Austrian province of Styria, created an empirical FSI plot
data base. These data show that in the Austrian province of Styria the altitudinal range
of forest stands with dominant and sub-dominant Stone Pine (SP) is broader than ex-
pected. FSI plots with SP occurrence were identified in six FVZ, spreading from 1250 m
to 2050 m asl. The proportion of investigated FSI plots in the ‘very cool’ FVZ should be
particularly highlighted, as for this FVZ the thermally more sensitive and demanding
Silver Fir (Abies alba) is mentioned as characteristic tree species. The drivers for the
presence of SP in forest stands of the three cool FVZ (‘mco; ‘co, 'vco’) could have both
agricultural and forest management origins and would need further investigations at
local and regional level to identify the main causes. The agriculture-related driver is as-
sumed to be associated with alpine pasture activities, which create rather open forest
stands. This decreases competitive stress and facilitates the fungal species Chrysomy-
xa rhododendri, which occurs on Rhododendron species and infects Norway Spruce as
an intermediate host and hence can diminish the competitive ability of this tree spe-
cies. The driver related to forest management activities could be explained with the
widespread afforestation of SP on forest areas which in the past were clear-cut for the
production of charcoal used in blast furnaces for metal production. A differentiation of
whether a forest stand with SP dominance was established by afforestation activities
or by natural forest succession could not be carried out in the course of this study.

Our analysis indicates that SP could represent a viable option for silvicultural manage-
ment within the upper six FVZ of Styria, where it can increase stability and resilience
of the respective forest ecosystems and additionally contributes to the mitigation of
climate change effects. In the lower situated FVZ like the ‘moderately cool’ and ‘cool’
zone, SP could be a valuable silvicultural alternative for the bark-beetle-threatened
Norway Spruce, especially on forest sites with extremely low base saturation (base
saturation class ‘e’), where the set of suitable tree species is limited. On forest sites
with high base saturation classes ('r"and ‘m’) the competitive force of Norway Spruce
is high within the four lower situated FVZ, thus the cultivation of SP would require in-
tensive silvicultural treatment (growing space regulation) at these forest sites. Within
the uppermost two coldest FVZ (‘cd’ and ‘vcd’) SP represents a suitable tree species
irrespective of the base saturation class of the soil and can be established either by
natural regeneration or by afforestation.

As a result of the harsh climatic conditions at higher elevations, the vegetation re-
sponds to even slight climatic changes, which makes the timber line and tree line
particularly suitable for monitoring the impacts of climate change (Marinov et al.
2015). In this context it would make sense to monitor the expected upward shift of
the tree line as a result of the recent climate change. The change in area and the de-
velopment of the SP stands at the tree line could be therefore a perfect indicator to
monitor the climate change effect.
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The economic value of SP should be highlighted as a potential incentive for forest
owners to establish this tree species on their forest areas, as timber products of SP
achieve high prices on the market and also non-wood forest products of SP, such as
essential oils or liquors, represent an additional source of income long before harves-
ting.
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