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Abstract: Relic Pinus cembra forests were among the least studied plant communities in the Western Car-
pathians. Their distribution in this mountain range is limited only to the Tatras. The lack of comprehensive
research on the Polish and Slovakian sides of the Tatras led to considerable discrepancy regarding their
distribution (300-1170 ha) as well as habitat conditions. Their occurrence on limestones and in the West-
ern Tatras was contested. Therefore, the aim of this work was to determine the distribution and habitat
conditions for the occurrence of Swiss stone pine forests in the Tatras. We mapped the entire range of the
distribution of these forests, using the topographic method and digitized it in ArcGIS 10.2.2. Afterwards,
we undertook spatial analysis, using DEM regarding their occurrence, depending on: altitude, inclination,
solar radiation, exposure, geology and soil. To determine the preferable site conditions we used the logistic
regression model. The total area of P. cembra forests in the Tatras is 916.93 ha. They occur in all mountain
ranges within the Tatras. Altitude, inclination and solar radiation have significant impacts on the occur-
rence of these forests. The odds of the occurrence of P. cembra forests increased by 0.5% for every 1 m of
altitude, by 2% for every 1° of inclination and decrease by 0.1% for every 1 MJ/m?/year of solar radiation.
The majority of these forests grow in the altitude range 1300-1650 m a.s.l. (95%) and on slopes with
20-60° inclinations (80%). Swiss stone pine forests occur both on slopes with low (1900 MJ/m?) and high
annual solar radiation (3400 MJ/m?). They prefer slopes with North-western exposure. They may grow
both on granite and limestone, while the majority of them were mapped on granite. Pinus cembra forests
grow on diverse soils, both acidic and alkaline. Nevertheless, most of them occur on Haplic Podzols (52%).
The results may be applicable to the Tatra National Park for the conservation and monitoring of this Natura
2000 habitat.
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Introduction

Subalpine stands with Swiss stone pine (Pinus cem-
bra L.), Norway spruce (Picea abies (L.) H.Karst) and
European larch (Larix decidua Mill.) occur along the
timberline, in the Alps and in the Carpathians (My-
czkowski & Bednarz, 1974; Jamnicky, 1981; Ozenda,
1983; Drazil, 2002; Casalegno et al., 2010; Caudullo
& de Rigo, 2016). Most of these stands are situated
on steep and rocky slopes, where Swiss stone pine
and larch are not subject to competition from the
shade-tolerant Norway spruce. Furthermore, most
of the researchers link their distribution, both in the
Alps and in the Carpathians with a more continental
climate (Myczkowski et al., 1971; Ellenberg, 1978;
Casalegno et al., 2010; Caudullo & de Rigo, 2016).
However, it is worth emphasizing that both in the
Alps and in the Carpathians the primal range of the
P. cembra forests have shrunk due to long-lasting hu-
man activities (Jamnicky, 1963, 1964; Paryski, 1971;
Ellenberg, 1978; Casalegno et al., 2010).

Swiss stone pine forests are among the least stud-
ied plant communities in the Tatra Mountains. Re-
search concerning stone pine forests was carried out
in the 1960/1970’s by Stefan Myczkowski. It was pri-
marily focused on the floristic description of such for-
ests, whereas issues related to the habitat conditions
of P. cembra forests were mostly based on the obser-
vations and literature data from the Alps. Likewise,
the distribution of P. cembra forests in the Tatras was
based on fragmentary mapping (Myczkowski, 1971;
Browicz & Gostynska-Jakuszewska, 1974). Further
surveys regarding the distribution of Swiss stone
pine forests were carried out by Jamnicky (1981) in
the Slovakian Tatras and by Chmiel (1996) on the
Polish side. More precise data concerning the dis-
tribution and site conditions were collected only in
the selected Tatra valleys, such as Gasienicowa Valley
(Zwijacz-Kozica et al., 2010).

Several syntaxonomical studies regarding the P
cembra forests were carried out in the Tatras until
the beginning of the 21% century (Myczkowski &
Lesinski, 1974; Wojterska et al., 2004; Kanka, 2008).
However, insufficient data, as well as a lack of com-
prehensive research on the Polish and Slovakian sides
of the Tatras led to contesting the status of Swiss
stone pine forests as a separate plant association
(Matuszkiewicz, 2008). The syntaxonomic status of
these forests has been settled recently (Zigba et al.,
2018). P. cembra forests of the Tatra Mountains form
a separate plant community, different from the upper
montane spruce forests. They are divided into Vacci-
nio-Pinetum cembrae Oberd. 1962 - relic Swiss stone
pine forest (similar to those from the silicate Alps)
and Swertio perennis-Pinetum cembrae Zieba, Rézanski,
Szwagrzyk 2018 — calcicolous relic Swiss stone pine
forest (Zieba et al., 2018).

Knowledge related to the distribution and habi-
tat requirements of P. cembra forests has been also
very limited. Most of the authors were focused on
the horizontal and vertical distribution of the spe-
cies, but not on the area and distribution of P. cem-
bra forests. They pointed out the lack of localities
of P. cembra in the North-western parts of the Tatras
and minimal (945 m a.s.l. — Vtdcie turne) as well as
maximal (1821 m a.s.l. — Mlynica) altitudes of the
localities (Pawlowski, 1956; Jasi¢ovd, 1966; Browicz
& Gostynska-Jakuszewska, 1974). Later studies lift-
ed the uppermost sites of single, dwarfish individu-
als to 2079 m a.s.l. on Zabia Czuba (Skrzydtowski et
al., 2011). The first work regarding the distribution
of P. cembra forests occurred only in the second half
of the 20" century (Myczkowski et al., 1971; Jam-
nicky, 1981). The estimated area of these forests var-
ied depending on the authors, from ca. 300 to 1170
ha in the entire Tatras (Jamnicky, 1981; Fleischer &
Chmiel, 2010), and from ca. 30 to 130 ha on the Pol-
ish side (Myczkowski et al., 1971; Mirek et al., 2013).
Moreover, according to the Polish literature, Swiss
stone pine forests were limited to the High Tatras
and granite bedrock (Myczkowski & Lesinski, 1974;
Matuszkiewicz, 2008).

Therefore, the aims of this work were to 1) de-
termine the distribution of Swiss stone pine forests
based on the mapping of the entire Tatras; 2) verify
the distribution of P. cembra forests in the Western
Tatras and on limestone and dolomite bedrock; and
3) determine the habitat conditions of the occurrence
of P. cembra forests based on the previously mapped
distribution and digital elevation model (DEM), as
well as geological, soil and solar radiation maps (Pi-
otrowska et al., 2015; Skiba et al., 2015; Wojkowski,
2015).

Material and Methods

Study area

The research was carried out in the Tatra Moun-
tains, which are the only area in the Western Car-
pathians where Swiss stone pine occurs naturally.
The Tatras are the highest mountains in the entire
Carpathians (highest peak: Gerlachovsky stit/Ger-
lach 2655 m a.s.l.), and are divided between Poland
and Slovakia. The total area of the Tatra Mountains
is ca. 79 000 ha. Based on the geomorphology, flo-
ra and elevation they are divided into three parts:
Western Tatras (41 856 ha), High Tatras (31 534 ha)
and Belianske Tatras (5 613 ha) (Balon et al., 2015).
They are an island in the alpine-type landscape in the
Western Carpathians with well-developed mountain
vegetation belts (up to the sub-nival zone) (Mirek,
1996; Balon et al., 2015). High altitude, geographic
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Fig. 1. Study area, with the location of phytosociological relevés used in the mapping for determination of Pinus cembra
forests (depiction of phytosociological units according to Zieba et al., 2018)
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isolation and diverse bedrock caused the survival of
unique fauna and flora. They are a biodiversity hot-
spot with ca. 1300 species of vascular plants, 700
species of bryophytes and 850 species of lichens
(Ochyra, 1996; Szweykowski, 1996; Tobolewski,
1996; Mirek & Piekos$-Mirkowa, 2003; Goérski &
Viéna, 2014; Mraz & Ronikier, 2016).

Data collection

The field work was carried out in the entire verti-
cal and horizontal range of distribution of P. cembra
in the Tatras. The mapping was made based on the
topographic method (Falinski, 1990). As base maps,
either topographic maps or orthophotos were used,
with a scale not smaller than 1:20 000. The classifica-
tion of certain areas into Swiss stone pine forests was
based on the following criteria: 1) the occurrence of
P. cembra in forest communities (single trees above
the timberline, e.g., in Pinus mugo Turra shrubs, were
not included); 2) the share of P. cembra in the stand
was at least 20% — based on the data from 108 sam-
pling plots (phytosociological relevés — the area of
single relevé: 250 m?) located in the entire range of
research and field observations of the stand; and 3)
the syntaxonomic identity. We took into account
patches belonging to one of two plant associations:
Vaccinio-Pinetum cembrae or Swertio perennis-Pinetum
cembrae, based on the data from 108 relevés located
in the entire range of research (Zieba et al., 2018)
(Fig. 1).

Next, the data collected from the field were dig-
itized in ArcGIS 10.2.2. As a result we received the
base of the geometrical objects, with specific area and
in which the apexes had certain geographical coordi-
nates. Afterwards we undertook analyses based on
the geographical location of the objects representing
the Swiss stone pine forests and the physiography of
the areas on which those forests grew. Analyses re-
lated to the topographical relief were made based on
the photogrammetric digital elevation model (DEM),
with the terrain pixel resolution of 10 m. The alti-
tude layer [m a.s.l.] was generated in the Spatial An-
alyst tools (ESRI, 2009). Next, based on the DEM in
the ArcGIS 3D Analyst we generated layers for expo-
sure [°] and inclination [°]. Beside the topographic
features we used other site variables, such as geolo-
gy (bedrock), soil and solar radiation, developed for
the entire Tatras for the Atlas of the Tatra Mountains
(Dabrowska & Guzik, 2015). As a result of the spa-
tial imposition of all those data, we obtained the in-
formational layer describing the area encompassed
by the Swiss stone pine forests. These data were
transformed into MS Excel format and used for the
spatial description of the habitat conditions of the
Swiss stone pine forests. In addition to that, for the
entire Tatras we generated a 50 m X 50 m grid of

sampling plots from which we collected similar data
regarding the site conditions (ESRI, 2009). The data
were afterwards transformed into a MS Excel format
and used in logistic regression modelling.

The names of the topographic objects, bedrock
and soil types followed the nomenclature used in the
Atlas of the Tatra Mountains (Dgbrowska & Guzik,
2015).

Data analysis

To investigate the habitat conditions determining
the distribution of P. cembra forests in the Tatras we
used the logistic regression model. This method en-
ables a description of the dependence between the
variables. It is used when the response variable y has
only two outcomes (0 or 1), such as in our case, the
occurrence of Swiss stone pine forests (1) or lack
of these forests (0) (Cox, 1958; Pohar et al., 2004;
Rencher & Schaalje, 2008).

We made three models:

1. for the entire Tatras — from the foothills, to the
summits of the highest peaks, including data from
all of the sampling plots from the 50 m x 50 m
grid;

2. up to 1550 m a.s.l. — this model includes data
from the sampling plots, from the foothills up to
the theoretical timber line in the Tatra Mountains
(Sokotowski, 1928; Pieko$-Mirkowa & Mirek,
1996);

3. up to 1700 m a.s.l. - this model includes data from
the sampling plots, from the foothills up to the
highest records of timber line in the Tatra Moun-
tains (Sokotowski, 1928; Zieba et al., 2018).

For the nominal variables we used the following
baselines: soils — Haplic Podzols (Skeletic), geology
— granite. These are preferred by P. cembra types of
soils and bedrock in the Tatras according to the lit-
erature (Myczkowski, 1971; Myczkowski & Lesinski,
1974; Zarzycki et al., 2002; Matuszkiewicz, 2008). In
the case of exposure, the odds of this variable were
presented by the odds ratio (Cox, 1958; Szumilas,
2010).

All models were fitted with statistical software, R
version 3.5.1 using the glm function from the stats
package with a binomial distribution of the response
variable (R Development Core Team, 2018).

Results

The total area of the Swiss stone pine forests in
the Tatras is about 917 ha. The majority of these for-
ests grow in the Slovakian part of the Tatras — 750.55
ha (82%), and only 166.38 ha (18%) are located in
the Polish Tatras. The lowest patches occur at the
elevation of 1179 m in the Roztoka Valley, whereas
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the highest reach is up to 1821 m in Mengusovskd
Valley. The furthermost North-west patches are lo-
cated in the Koscieliska Valley, whereas the South-
west reach was the Jaloveckd Valley. No Swiss stone
pine forests were found in the furthermost West
(massif of Sivy vrch) and North-west (Rohdcska Val-
ley, Osobitd massif, Chocholowska Valley) parts of
the Tatras (Electronic Appendix). The share of the P,
cembra forests in the respective mountain ranges and
main valleys of the Tatras is presented in the Sup-
plements 1 and 2. Even though the largest area of
Swiss stone pine forests occurs in the High Tatras,
the present data confirm the occurrence of these for-
ests also in the Western Tatras and on limestone and
dolomite bedrock. Pinus cembra forms a separate plan
community on calcareous bedrock, called Swertio per-
ennis-Pinetum cembrae (Zieba et al., 2018). The area of
this association reaches 78.14 ha (only ca. 14.65 ha
on Polish side). The remaining 838.79 ha represents
the association Vaccinio-Pinetum cembrae.

The first model (entire Tatras) encompassed large
areas that are naturally without forests, such as al-
pine tundra, and bare rocks in the sub-nival zone.
Therefore we decided to reject it. We rejected also
the second model (up to 1550 m a.sl.), because it did
not include 27% of the sampling plots located in the
P. cembra forests, which had an impact on the results
of the modelling. Due to the fact that a significant
part of the Swiss stone pine forests occur at the ele-
vation 1500-1700 m a.s.l., we decided to make use of
the third model. That model encompassed the major-
ity of the woodlands and almost the entire range of
P. cembra forests (99.7% of sampling plots with these
forests). The results of the logistic regression model
are presented below (Table 1).

The altitude, slope inclination and solar radiation
had significant impacts (p < 0.001) on the occur-
rence of P. cembra forests in the Tatras. The odds of
the occurrence of these forests increased by 0.5% for
every 1 m of altitude (50% for 100 m) (Table 1). The
mean altitude of the occurrence of Swiss stone pine
forests is 1455 m a.s.l. (standard deviation: =154 m).
95% (871.69 ha) of these forests grow 1300-1650 m
a.s.l. (Fig. 2).

In the case of inclination, the odds of occurrence
of Swiss stone pine forests increased 2% for every 1°
(Table 1). Pinus cembra forests occur mostly on steep

Table 1. Impact of the altitude, slope inclination and solar
radiation on the occurrence of Swiss stone pine forests
in the Tatra Mountains

Altitude Inclination [°] Solar radiation

[ma.s.l.] [M]/m?/year]
Significance 0.001 0.001 0.001
p-value <2e-16 <2e-16 <2e-16
Odds 1.004810 1.021520 0.9987784

slopes, with a mean inclination of 27° (standard de-
viation =11°) (Fig. 3).

The influence of solar radiation was relatively low.
The odds of the occurrence of Swiss stone pine for-
ests decreased by 0.1% for every 1 MJ/m?*/year (Ta-
ble 1). 92% (840.39 ha) of these forests occurred on
slopes with solar radiation between 1500 and 3700
MJ/m?/year (mean: 2786 MJ/m?*/year, standard devi-
ation: 584 MJ/m?); however, we found two peaks, at
1900-2000 MJ/m?/year and 3300-3400 M]J/m?/year
(Fig. 4).

Pinus cembra forests preferred slopes with a West-
ern exposure. Altogether on slopes NW, W, SW occur
451.90 ha of these forests, which is almost 50% of
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Fig. 5 Distribution of exposure of the patches of Swiss
stone pine forests in the Tatra Mountains (area in [ha])

their total area in the Tatras (Fig. 5). The preferred
slopes are those with a NW exposure. The odds
of occurrence of Swiss stone pine forests on these
slopes are higher than on any other and vary from
27% higher than on SW to 144% higher than on SE
(Table 2).

Significant impacts (p < 0.001) on the occur-
rence of P. cembra forests were found for the follow-
ing types of bedrock: diorites, dolomites, gneisses,
deluvial-fluvial sediments, glacigenous sediments,
deluvial-eluvial sediments, limestones and conglom-
erates. We observed a lack of influence from the oth-
er types of bedrock. The odds of the occurrence of
Swiss stone pine forests in almost all cases were less
than on granites and amounted to 82% less than on
granites for dolomites, 83% - gneisses, 25% — delu-
vial-fluvial sediments, 13% - glacigenous sediments,
59% - limestones and 84% - conglomerates. The
odds for the remaining types of bedrock were exig-
uous, less than 99% in comparison to the baseline
type (Supplement 3). The results of the modelling
are coherent with the share of bedrock types in the
Swiss stone pine forests (Fig. 6).
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Fig. 6. The share of different bedrock types in the relic
Swiss stone pine forests in the Tatra Mountains (calcar-
eous: limestones, dolomites, conglomerates; siliceous:
granites, gneisses; sedimentary origin: deluvial-fluvial
sediments, glacigenous sediments, glacifluvial sedi-
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There are significant influences (p < 0.001) on
the occurrence of P. cembra forests from 10 types of
soil (Supplement 4). The odds of the occurrence of
Swiss stone pine forests in all cases were less than
on Haplic Podzols (Skeletic) and amounted to 48%
less than on Haplic Podzols (Skeletic) for Lithic Lep-
tosols, 55% — Entic Podzols and Leptic Podzols, 36%
- Folic Leptosols, 72% — Regosols (Hyperskeletic),
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Rendzic Leptosols: Rendzic Leptosols, Folic Rendzic
Leptosols, Rendzic Leptosols (Skeletic), Cambic Rend-
zic Leptosols; Podzols: Entic Podzols, Leptic Podzols,
Haplic Podzols (Skeletic))

Table 2. The odds ratio of occurrence of Swiss stone pine forests in the Tatra Mountains for different exposures

N NE E S SW W NW

N 1 0.91070 1.04242 0.75724 0.93711 1.45345 1.32402 1.84807
NE 1.09806 1 1.14463 0.83149 1.02900 1.59597 1.45385 2.02929
E 0.95931 0.87364 1 0.72643 0.89898 1.39431 1.27014 1.77287
SE 1.32059 1.20266 1.37660 1.23754 1.91941 1.74848 2.44054
S 1.06711 0.97181 1.11237 0.80805 1 1.55098 1.41286 1.97209
SwW 0.68802 0.62658 0.71720 0.52099 0.64475 1 0.91095 1.27151
w 0.75528 0.68783 0.78731 0.57193 0.70778 1.09776 1 1.39581
NW 0.54110 0.49278 0.56406 0.40975 0.50708 0.78647 0.71643 1
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66% — Cambic Rendzic Leptosols, 86% — Folic Rend-
zic Leptosols, 67% — Rendzic Leptosols (Skeletic)
and 76% — Rendzic Leptosols. The odds for the re-
maining soils were exiguous, and less than 99% in
comparison to the baseline soil (Supplement 4). The
results of the modelling are coherent with the share
of soil types in the Swiss stone pine forests (Fig. 7).

Discussion

The area of the Swiss stone pine forests in the en-
tire Tatras (916.93 ha) represents just ca. 1.6% of the
woodlands in these mountains. This value differs con-
siderably from the area measured by Jamnicky (1981)
(249.64 ha). Even though, recent data presented by
Fleischer and Chmiel (2010) show a larger area of P
cembra forests (1170 ha), they vary by ca. 250 ha in
comparison to our results. These differences could
be a result of the terrain difficulties that might affect
the accuracy of the earlier mapping. The differences
may also be caused by different classifications of the
patches of vegetation to certain plant communities,
e.g., including single P. cembra trees or small groups
of trees above the timberline to forest communities.
Furthermore, it is worth adding that both Polish and
Slovakian National Parks planted these trees in the
second half of the 20" century (Jamnicky, 1981).
Some of these patches, which were relatively young
at the time of Jamnicky’s research, could nowadays
be classified as Swiss stone pine forests.

The largest area of Swiss stone pine forests occurs
in the High Tatras. Vast complexes of these forests
survive in the least accessible parts of the Biatka and
Koprova valleys. Even though the smallest patches
of P. cembra forests grow in the Belianske Tatras, it is
worth emphasizing that this is the smallest part of
the Tatras. In this context, the relatively small area
of P. cembra forests in the Western Tatras is strik-
ing. Forests on more accessible slopes of the West-
ern Tatras were more exploited over centuries by
loggers, miners and shepherds. The price of Swiss
stone pine wood exceeded the values of any other
tree species by 300% (Jamnicky, 1964), which re-
sulted in a significant destruction of P. cembra forests
(Bukovc¢an, 1969). Unlike in the High Tatras, less ac-
cessible terrain, together with a different ownership
structure favoured the survival of threatened Swiss
stone pine and larch forests (Madeyski, 1974). How-
ever, wherever on the Western Tatras slopes which
were steep enough to stop the forest exploitation, P,
cembra forests survived. Such a relatively large and
pristine fragment has survived at the massif of the
Otrhance and was known already in the 18% century
(Bel, 1736).

Our study confirms, that the Swiss stone pine
forests occur in the Tatras mostly at the elevation

1300-1650 m a.s.l. (Pawlowski, 1956; Browicz
& Gostynska-Jakuszewska, 1974; Myczkowski &
Lesinski, 1974; Pieko$-Mirkowa & Mirek, 1996).
However, the lowest patches may grow even at ca.
1180 m a.s.l. (Roztoka Valley) in the lower montane
belt. Almost 50% of these forests grow at the tran-
sition zone (1500-1650 m a.s.l.) between the upper
montane belt and subalpine dwarf pine (Pinus mugo)
shrubs, which corresponds to the results of the re-
search by Zwijacz-Kozica et al. (2010). 25% of P. cem-
bra forests are located above the theoretical timber-
line (1550 m a.s.l.) in the Tatras (Sokotowski, 1928;
Pieko$-Mirkowa & Mirek, 1996; Valachovié, 2014).
The highest patches grow at an elevation of ca. 1820
m a.s.l. in the Mengusovska Valley.

The occurrence of Swiss stone pine forests at such
an elevation is related to the adaptation of this tree to
a severe mountain climate (Tranquillini, 1979; Holt-
meier, 2003; Erschbamer & Wallnofer, 2007). The
mean annual temperature in the habitats of P. cem-
bra in the Alps reaches barely +1.5°C. The minimum
growing season for the survival of Swiss stone pine
forests should be 60-70 days, with an optimum of 90
days with an average mean temperature greater than
10°C (Ellenberg, 1978; Casalegno et al., 2010; Le-
uschner & Ellenberg, 2017). In the Tatras, P. cembra
forests grow in the zone of cool climate with the mean
annual temperature of +3°C and snow cover lasting
for ca. 150 days/year (Ustrnul et al., 2015; Zmudzka
et al., 2015; Zieba et al., 2018). Even though the cli-
matic conditions at such altitudes are not favourable
for either P. cembra or Larix decidua, these two species
gained an ecological advantage over the competitive
Picea abies, and therefore form their own separate for-
est belt (Ellenberg, 1978; Caudullo & de Rigo, 2016;
Leuschner & Ellenberg, 2017).

Similar to harsh climatic conditions, steep slopes
foster the occurrence of Swiss stone pine forests. At
slopes with an inclination above 35°, the competi-
tive capabilities of Norway spruce decrease. This
ensures larger gaps in the stand and provides bet-
ter growth conditions for species that demand more
light, such as P. cembra (Holeksa & Szwagrzyk, 2004).
Furthermore on the steep cliffs and ridges, snow is
constantly blown up, which supports its faster melt-
ing. Therefore, these areas are often visited by spot-
ted nutcrackers (Nucifraga caryocatactes L.), the main
disperser of P. cembra seeds, which supports its nat-
ural regeneration. Rocky ridges are not affected by
avalanches, which make them safe sites for forest
communities (Myczkowski & Bednarz, 1974). It is
worth emphasizing that steep slopes not only sup-
port P. cembra in its competition with Picea abies, but
also protect these forests from direct human impact.
Therefore, some patches of these relic woodlands
in the Tatras retained a pristine character (Bednarz,
1969; Zielonka, 2010; Zieba et al., 2018).
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P. cembra is considered to be one of the most light
demanding tree species (Myczkowski & Bednarz,
1974; Zarzycki et al., 2002). Its abundant occurrence
in the inner Alps is in contrast to the Prealps, which
was explained by the continentality of the climate
and especially higher insolation in the summer sea-
son (Ellenberg, 1978; Leuschner & Ellenberg, 2017).
A similar dependence on the continental microcli-
mate was described from the Tatras (Myczkowski &
Bednarz, 1974).

Nevertheless, the results of our study do not
confirm a strong dependence for the occurrence of
Swiss stone pine forests on the high solar radiation
and continental climate. In fact, 32% of these forests
grow on areas with higher solar radiation (>3000
MJ/m?/year, max. 3759 MJ/m?/year). However, this
seems to be still much lower than the maximum
for the Tatras (4600 MJ/m?/year) and similar to the
mean annual value for the town of Zakopane (3623
MJ/m?/year) (Wojkowski, 2015). A considerable part
of the Swiss stone pine forests in the Tatras grow
on the shady and humid North and North-western
slopes with rather low solar radiation (ca. 1900 MJ/
m?/year). In this context, it is worth recalling some
older publications. Sokotowski (1928) and Somora
(1958) evaluated that P. cembra forests prefer cool-
er and more humid slopes with an oceanic climate.
Likewise, in the Southern Carpathians, Swiss stone
pine is more dominant in the areas with oceanic in-
fluences (Blada, 2008).

In addition to that, various authors compared the
continental conditions for the occurrence of Swiss
stone pine forests in Central European mountains to
those in the Siberian taiga with Pinus sibirica Du Tour
(Myczkowski, 1969; Myczkowski & Lesinski, 1974;
Ellenberg, 1978; Leuschner & Ellenberg, 2017).
However, the dark taiga with P. sibirica, Abies sibirica
Ledeb. and Picea obovata Ledeb. is classified in this
area as humid forests, in contrast to the continen-
tal light Larix sibirica Ledeb. or Larix gmelinii (Rupr.)
Kuzen. taiga (Nazimova & Polikarpov, 1996). Fur-
thermore, there is information from the Alps that
Swiss stone pine — European larch forests may grow
in very diverse areas in terms of precipitation (700-
2000 mm/year). Even though they may grow in
regions with very high precipitation, their distribu-
tion is limited to areas with relatively dry summers.
Therefore, the belt of Swiss stone pine forests did not
emerge in the Prealps (Ellenberg, 1978; Leuschner &
Ellenberg, 2017).

The Swiss stone pine forests occur in the Tatras
mostly on slopes with Western exposure (NW-
SW-W), which are more affected by the cool and
humid impact of the Atlantic climate. Similar results
regarding the preference for a North-western expo-
sure were detected in the Sucha Woda Valley (Zwi-
jacz-Kozica et al., 2010). However, Zwijacz-Kozica et

al. (2010) showed an almost complete lack of P. cem-
bra on slopes with Southern or Eastern exposures.
Such a result is probably linked to a limited area of
research — a single valley on the Northern side of
Tatras, with a relatively significant impact of shep-
herding on the current distribution of trees (Paryski,
1971; Zwijacz-Kozica et al., 2010). In the Alps, Swiss
stone pine forests occur mostly on Northern expo-
sures (Casalegno et al., 2010). A similar dependence
on slope exposure was described from the Eastern
Carpathians (Srodon, 1936).

This conviction regarding the preference or occur-
rence only on granite bedrock of P. cembra forests in
the Tatras lasted for a long time, especially among
Polish authors (Myczkowski & Lesinski, 1974; Ma-
tuszkiewicz, 2008). On the other hand, Slovak ge-
obotanists consequently pointed out its growth on
both silicate and calcareous ground (Somora, 1959;
Kanka, 2008). Recent floristic studies have revealed
different plant associations with Swiss stone pine
forests on granite and limestone bedrock on both
sides of the Tatras (Kucera, 2017, 2018; Zieba et al.,
2018).

A similar ostensible connection of P. cembra for-
ests to granite bedrock was also described in the past
from the Alps, which was mentioned by Ellenberg
(1978) and Leuschner and Ellenberg (2017). Howev-
er, more recent publications underline their distribu-
tion on both silicate and calcareous ground (Willner
& Grabherr, 2007; Casalegno et al., 2010; Caudullo
& de Rigo, 2016; Leuschner & Ellenberg, 2017).

The majority of Swiss stone pine forests grow
on poor and acidic Haplic Podzols, which confirms
the former observations (Myczkowski, 1971; Fleis-
cher & Chmiel, 2010). Nonetheless, relic P. cembra
forests also occur on more fertile and alkaline soils,
such as Rendzic Leptosols. Such habitats for Swiss
stone pines are particularly found in the Belianske
Tatras (Somora, 1959). Soils developed from lime-
stones and dolomites harbour the relic calcicolous
Swiss stone pine forests Swertio perennis-Pinetum cem-
brae (Zieba et al., 2018). A similar plant association,
called Rhododendro hirsuti-Pinetum cembrae Bojko 1931
was described from the Alps (Willner & Grabherr,
2007).

The results of this research are applicable for the
park management, including the Natura 2000 habi-
tat monitoring and reporting. In the case of the Pol-
ish Tatra National Park, the presented area of Swiss
stone pine forests (habitat: 9420 — Alpine Larix decid-
ua and/or P. cembra forests) has already been reported
to the European Commission in the Standard Data
Form (European Environment Agency, 2017), as well
as being included in the current Project of the Man-
agement Plan of the Tatra National Park. It is worth
adding, that the monitoring of these forests seem to
be essential, since Casalegno et al. (2010) predict a
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rapid decrease of the suitable habitats for them in the
Tatras after 2050, and even a risk of their complete
loss after 2080, due to climate change. Fortunately,
recent genetic research, insect-pest control, as well
as studies regarding the structure of Swiss stone
pine forests and their regeneration show their good
condition (Zwijacz-Kozica & Zywiec, 2007; Dzialuk
et al., 2014; Grodzki et al., — accepted 2019). There-
fore, no conservation tasks regarding these forests
are currently needed in both National Parks. Their
transboundary strict protection seems to be the best
solution. However, the data provided in this research
could potentially be used by park authorities for the
active conservation of this species in the case of seri-
ous threat to it from climate change or if the National
Parks decide to restore their lost areas.
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