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Abstract: The differentiation among three populations of Pinus sylvestris of the Tatra National Park (TNP);
Lysa Skala, Siwarowe Panskie and Wielkie Koryciska has been investigated with regard to eight anatomical
traits of needles. These populations were compared to a lowland population of Tuchola Forests. Five analyzed
traits: the thickness of epidermis with cuticle, the mean of width of three epidermis cells, the width of needle
cross-section, the height of a needle cross-section and the ratio of height to the width of a needle are charac-
terized by a variation coefficient not exceeding 10%. Variation coefficients for the remaining traits: the num-
ber of resin canals, the distance between vascular bundles and a Marcet coefficient, range between 15.04 —
24.95%. The needles of the lowland population (Rzepiczna) turned out to be the widest as well as the thickest
and with the biggest distance between vascular bundles. The Tatra populations of P. sylvestris have a consider-
ably thicker cuticle together with epidermis compared with the lowland population of Tuchola Forests. None
of the individual traits differentiate the populations which have already been regarded as distinct — Lysa Skata,
found in the eastern part of the TNP and Wielkie Koryciska, from its western part. However, having carried
out a discriminant analysis and Mahalanobis distances, the differentiation of the Tatra Scots pine in relation
to its geographical location was reported. The individual character of P. sylvestris found in the eastern and
western parts of the Tatra National Park might be a result of their different origin in the last glacial period.
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Introduction

The differentiation of Pinus sylvestris L. has been ex-
amined many times and in several aspects; biochemi-
cal, genetical, morphological and anatomical. In many
works authors suggested that a profound influence on
a present-day differentiation has the latest Ice Age.
The populations of Scots pine were migrating and at
the same time exchanging genes with one another.
(Giertych 1979; Giertych and Oleksyn 1981; Stasz-
kiewicz 1961a, b, 1963, 1993a, b; Latatowa et al.

2004). The plasticity of pine enabled it to settle in var-
ious locations (Obminski 1970; Mamaev 1972; Przy-
bylski 1993; Pravdin 1964; Hantley and Birks 1983;
Giertych 1993; Urbaniak et al. 2003; WozZniak et al.
2005). Wright and Bull (1963) claim that the today’s
differentiation is a consequence of the isolation of
populations of different origin in the glacial period,
which eventually led to their different migrating di-
rections in post-glacial period. On the other hand,
Langlet (1959) taking into consideration adaptive
abilities of pine to local conditions emphasizes a
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clinal variability of many traits mainly due to the im-
pact of a climate. In the glacial period one of the most
important refuges of the Scots pine was in the south
of Europe, where a great interpopulational variability
is observed (Staszkiewicz 1961b, 1963, 1968, 1993a,
b; Prus- Glowacki et al. 2003; Cheddadi et al. 2004). It
is believed, that the isolation of particular popula-
tions in the most elevated mountains over at least
150-200 generations, can be a reason for divergent
migration routes from different glacial refuges
(Wright and Bull 1963; Ruby and Wright 1976; Birks
1989; Berglund et al. 1996). In the case of small iso-
lated populations, such as the ones in Tatra Moun-
tains, the factor which influences the variability may
even be a stochastic phenomenon - genetic drift, and
the effects of local adaptations (Mitka 1997). Pinus
sylvestris, a dominant ingredient of forest which oc-
curs in the lowlands of Poland, in the south moun-
tainous regions and foot-hills is significantly rare and
replaced by the spruce (Biatobok 1970). In the Tatra
Mountains Pinus sylvestris forms small populations
most often on rocks facing south (Ltysek 1974; Zwi-
jacz-Kozica 1998).

These relict populations possess many distinctive
features concerning the morphology of cones, seeds
and needles (Zajaczkowski 1949; Staszkiewicz
1993b). They also have characteristic traits related to
the increment and the duration of the vegetation pe-
riod, height, vitality, stem, crown and bark types
(Zajaczkowski 1949; Skrzyszewski 2004). Staszkie-
wicz (1961a, b, 1993a, b) on the basis of the morpho-
logical structure of cones, distinguishes two different
types of the Scots pine located in different regions of
the Tatra National Park; meridionalis type found in
Wielkie Koryciska in the western part; and a slightly
changed polonica.. Also, morphological traits of nee-
dles turned out to be essential for the studies on re-
gionalization of populations in the Tatra Mountains
(Urbaniak et al. 2001; Androsiuk and Urbaniak
2005).

In the present study the following questions were
addressed: (1) do populations from various regions of
the Tatra Mountains have characteristic and contra-
stive anatomical features of their needles; (2) can
these populations be grouped according to their geo-
graphical location on the basis of the anatomical traits
of needles; (3) does the comparison of populations
from the Tatra National Park with the lowland Scots
pine native to Tuchola Forests enable us to find nee-
dles characteristics typical of mountain populations.
(4) whether the reason for differentiation within pop-
ulations is their adaptability which can be observed
when different needle traits are being examined.

Material and methods

Plant material

Three of the analyzed populations were sampled in
the Tatra National Park — LEysa Skala (49°15'N;
20°06'E) (1) - 24 investigated trees — in the eastern
part, Siwarowe Panskie (49°16'N; 19°56'E) (2) — 26 —
in the central part, Wielkie Koryciska (49°15'N;
19°48'E) (3) — 25 — in the western part. The fourth
population, Rzepiczna (4), is represented by 30 trees
from the vicinity of the village Rzepiczna (53°43'N;
18°02'E) located in the Tuchola Protected Landscape
Area (Fig. 1). A total 105 individuals were sampled in
October 2003, each by collecting of 10 long-shoot,
from the central part of the tree, from the crown edge
and the southern part of crown. The investigated ma-
terial from each tree consists of five two-year old nee-
dles coming from different dwarf shoots. The
cross-sections of needles were performed in the mid-
dle of their length and preserved in polyvinyl alcohol.
Altogether, sections of 525 needles were investi-
gated. Eight anatomical characteristics of the needles
were tested (Table 1). The usefulness of these traits
was examined as suitable for the study on variability
in many works (e.g. Bobowicz 1990; Bobowicz and
Korczyk 1994; Urbaniak 1998).

Statistics

The results of the measurements of anatomical
characteristics were subjected to statistical analysis
with Statistica 7.1 software (StatSoft Inc.). Descrip-
tive statistics (arithmetic means, standard deviations,
minimum and maximum values of characters) and
variation coefficients were computed to evaluate the
range of variation of anatomical traits (Williams
1995; Lomnicki 2000; Watata 2002). The analysis in-
cluded basic descriptive statistics for each population:
means, minima, maxima, standard deviations, varia-
tion coefficients as well as the skewness and curtosis;
Pearson’s correlation coefficients; Tukey’s test; dis-
criminant analysis, determination coefficients of ana-
lyzed traits and discriminant variables, values of the F
statistics and Mahalanobis distances (Krzysko 1982,
1990; Urbaniak 1998; Ferguson and Takane 2007).

Results

Basic statistics. In the investigated populations, five
traits: the thickness of epidermis with cuticle (b), the
mean width of three epidermis cells (c), the width of
needle cross-section (d), the height of needle
cross-section (e), the ratio of height to the width of
needle (f) have low variation coefficients not exceed-
ing 10%. The lowest variation coefficient ranging be-
tween 4.62 and 6.09% was reported for the ratio of
height to the width of needle (trait f). Three traits: the
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Fig. 1. Geographical location of studied populations from the Tatra National Park (1, 2, 3) and the Tuchola Forest (4)

number of resin canals (a), the distance between vas-
cular bundles (g) and Marcet coefficient, traitd X g/e
(h) are characterized by high variation, which is indi-
cated by considerably high variation coefficient rang-
ing 15.04 - 24.95% (Table 2).

Tukey’s test. Tukey’s test was conducted to deter-
mine statistically significant traits which make the
populations different (Table 3). Population Rzepicz-
na (4) is statistically distinguished by the lowest
number of resin canals (trait a) and the thinnest epi-
dermis together with the cuticle (b). Moreover, it
possesses the smallest width of three cells of the epi-
dermis on the flat side of a needle (c). This trait
makes it different from the other two populations of
the Tatra Mountains, namely Lysa Skata (1) and Si-
warowe Panskie (2), but not from population Wielkie
Koryciska (3). The population from the central part of
the TNP Siwarowe Panskie (2) differs from the popu-

lation from the west part of the TNP Wielkie Ko-
ryciska (3) in regard to the mean width of three epi-
dermis cells (trait c). Population Siwarowe Panskie
(2) has the narrowest needles (d) and significantly
differs from population Rzepiczna (4), which has the
widest needles (d). In addition, the ratio of needle
thickness to its width, which value is the lowest in the
case of population Rzepiczna (4) and the highest in
case of population Siwarowe Panskie (2), makes
those populations different. Populations Lysa Skata
(1) and Siwarowe Panskie (2) have the smallest dis-
tance between vascular bundles (g) and are different
from the population of the lowlands Rzepiczna (4)
which shows the greatest distance between them.
This trait distinguishes the Tatra Mountains popula-

Table 2. Variability coefficient (V%) for eight (a -h) ana-
tomical needle traits (a-h as in table 1)

Siwarowe Wielkie .
. Lysa Skata L . Rzepiczna
Traits Panskie Koryciska
Table 1. Needle characters analyzed V% V% V% V%
a number of resin canals a 15.04 22.27 19.16 24.57
b thickness of epidermis with cuticle, um b 7.12 8.64 6.94 8.64
¢ mean width of three epidermis cells, um c 6.73 5.23 7.85 6.02
d width of needle cross-section, um d 7.38 6.35 6.72 8.76
e height of needle cross-section, um e 6.33 6.95 7.04 9.27
f ratio of height to width of needle (ratio of trait e to d) f 6.09 4.62 5.54 4.83
g distance between vascular bundles, um g 20.98 21.77 20.60 21.87
h  Marcet coefficient (trait d x g/e) h 24.95 24.26 23.72 23.07
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Table 3. The results of Tukey’s test. Populations; Lysa Skata (1), Siwarowe Panskie (2), Wielkie Koryciska (3), Rzepiczna
(4). Traits; a—f (name of traits as in Table 1)

1/2 1/3 174 2/1 2/3 2/4 3/1 3/2 3/4 4/1 4/2 4/3
a 0.21407 0.75878 0.00014* 0.00141* 0.75790 0.00016*
b 0.00014* 0.99854 0.99994 0.00014* 0.99963 0.00014*
c 0.39095 0.01780* 0.43206 0.00018* 0.01092* 0.47727
d 0.06708 0.86413 0.30352 0.457897 0.000547* 0.10553
e 0.70923 0.99998 0.48388 0.72238 0.05154 0.43928
f 0.81283 0.18453 0.73712 0.01616* 0.73400 0.21360
g 0.33874 0.28533 0.00344* 0.01607* 0.00016* 0.58286
h  0.22402 0.53949 0.00657* 0.01656* 0.00015* 0.32011
* — significant value at the level of 0.05
4
3
O A
2 A
O " A
9O 4 4
] t][] o [1 O A .
° o ’ YA A
3 A
& o ®e qjoo ° o A
o m@' ° A A A
w 0 g Hee o A
~ [ 2 a AA A
) L 47) A A A
O O ¢ A A
-1 | O @y A
[ “| LR 4 * A
* 0
2 3 .
N .
A A
-3
-4

U,=81.7%

@ Siwarowe Panskie O tysa Skata o Wielkie Koryciska & Rzepiczna

Fig. 2. Results of discriminant analysis of studied individuals on the plane of first two discriminant variables (U,, U, ) con-
taining altogether 94.5% information of the applied set of eight needle traits

tions Siwarowe Panskie (2) and Wielkie Koryciska
(3). As in the case of trait g (the distance between vas-
cular bundles), identical dependences are observed
for trait h (Marcet coefficient).

Discriminant analysis and determination coefficients be-
tween eight anatomical needle traits and the first three
discriminant variables UI, U2 and U3. The first variable,
carrying almost 81.7% of information, determined
mostly by the thickness of epidermis together with
cuticle (b), Marcet coefficient (h), the distance be-
tween vascular bundles (g) and the width of three epi-
dermis cells (c) determines the distinct character of
the lowland population Rzepiczna (4) (Fig. 2, Ta-
ble 4). The distinct nature of western Wielkie Kory-
ciska (3) and eastern Lysa Skata (1) Scots pine popu-

lations of the Tatra Mountains depends on the second
discriminant variable, which contains 12.8% of infor-
mation and is mostly determined by the distance be-
tween vascular bundles (g), the trait h (Marcet coeffi-
cient) and the width of epidermis cells (c) (Table 4).
Traits: d (the width of needle cross-section), f (the ra-
tio of height to the width of the needle, the ratio of
trait e to d) and h (Marcet coefficient) are the main
determinants of the third variable (U3) (containing
only 5,44% information), which distinguishes the
population of the east part of the TNP Lysa Skala (1)
from the population of the central part of the TNP
Siwarowe Panskie (2) (Fig. 3 and Table 4).
Mahalanobis distances with F statistics. These statis-
tics were used to demonstrate the evident differences
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between the populations from the lowlands Rzepicz-
na (4) and other three populations from the Tatra
Mountains. The population from the western part of
the Tatra National Park, i.e. Wielkie Koryciska (3),
differed significantly from the population from the

Table 4. The determination coefficients between discri-
minant variables U1, U 2 and U3 and eight anatomical
traits of needles (name of traits as in Table 1)

Traits ul vz Us
81,71% 12,84% 5,44%

a 2,78 0,09 0,15

b 30,34 1,07 0,29
c 10,75 2,20 0,43
d 7,41 0,00 2,22
e 3,47 0,02 0,30

f 3,95 0,07 1,56

g 11,30 2,96 0,57
h 13,79 2,52 1,51

Us5.4%

Fig. 3. Result of discriminant analysis of four populations
from the Tatra Mountains and Tuchola Forest In the
space of the first three discriminant variables containing
100% information of the applied set of 8 needles traits

1.04

1.36*

2.57*

Fig. 4. Minimum spanning tree of four population of P.
sylvestris constructed on the basis of the Mahalanobis
distances (significant distances at the level 0.05%,
0.01**). Samples numbers as in Figure 1

Table 5. Table of Mahalanobis distances with values of F
statistics (below), the critical values are mark by
*(p<0.05), **(p<0.01). Samples numbers as in Fig. 1

2 1.04
1.509
3 1.36* 1.53**
2.516 3.327
4 2.74%* 3.15%* 2.57*%*
11.216 15.540 10.056
1 2 3

Tables 6.1-6.4. Correlation matrix between eight anatomi-
cal needle traits (name of traits as in Table 2)

6.1. Lysa Skala

b 0.03

c |[-0.15 0.33

d 0.58* | 0.24 0.01

e 0.54* | 0.11 0.00 0.64*

f |-0.17 |-0.18 |-0.01 |-0.59*| 0.23

g 0.34 0.02 0.06 0.82*| 0.39 |-0.62*

h 0.30 0.05 0.06 0.81*| 0.25 |-0.74*| 0.98*
Traits a b c d e f g
6.2. Siwarowe Panskie

b | 0.06

¢ 006 | 023 | | |

d | 0.59* | 0.44*| 0.21

e | 0.53*| 0.51% 005 | 0.79* |

f |0.01 0.15 | -0.20 |-0.19 0.45*

g 0.48* | 0.05 0.15 0.67*| 0.36 |-0.36

h | 0.44* | 0.00 0.18 0.64*| 0.24 |-0.50*| 0.99*
Traits a b c d e f g
6.3. Wielkie Koryciska

b |-0.11

¢ |-0.45%| 0.20 | | |

d | 0.71*| 0.11 | -0.29

e 0.59*| 0.50*| 0.33 | 0.66* ‘

f [-0.12 0.47*| -0.08 | 0.40 0.41*

g 0.50*| 0.01 | -0.23 | 0.77* | 0.39 |-0.46*

h 0.46*|-0.12 | -0.19 | 0.76* | 0.24 |-0.63*| 0.98*
Traits a b c d e f g
6.4. Rzepiczna

b 0.17

¢ |-004 | 0.22 | | | |

d 0.61*| 0.21 0.20

e | 034 018 | 011 | 0.66* | |

f |-0.32 0.24 0.05 | -0.54*|-0.16

g 0.65*| 0.12 |-0.02 0.79*| 0.52* |-0.38*

h 0.67*| 0.06 |-0.06 0.82*| 0.49* |-0.53*| 0.98*
Traits a b c d e f g
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eastern part of the TNP Lysa Skata (1) and the popu-
lation from its central part Siwarowe Panskie (2) (Ta-
ble 5, Fig. 4).

Correlations of traits. The importance of correlation
coefficients, the strength of the relationship between
them, as well as the direction of those relationships
were presented on the basis of Pearson’s correlation
coefficient (Tables 6.1 — 6.4). Trait d (the width of
needle cross-section) shows high or very high posi-
tive correlation with traits: the number of resin canals
(a), the height of needle cross-section (e), the dis-
tance between vascular bundles (g) and h (Marcet co-
efficient, trait h X g/e). Trait h displays high or very
high negative correlation with f (the ratio of height to
the width of the needle, the ratio of trait e to d) and
correlates positively, almost completely, with the
trait g (Tables 6.1-6.3).

Correlations found only in the populations native to the
Tatra Mountains. Three investigated populations show
high positive correlations of traits a (the number of
resin canals) and e (the height of needle cross-sec-
tion). Apart from positive ones, there are other corre-
lations of traits typical of the two populations or only
one of them (Tables 6.1-6.3).

Correlations found only in the population of the lowlands.
Only in this population trait e (the height of needle
cross-section) correlates with trait g (the distance be-
tween vascular bundles) and h (Marcet coefficient,
trait h X g/e); those correlations are of high and posi-
tive value (Table 6.4).

Discussion

The last period of the Ice Age and particularly its
youngest part had a profound influence on the
changes of flora in the Tatra Mountains. According to
Obidowicz (1996) the Scots pine could not grow
there at that time as it first appeared in the Tatra
Mountains 11.800-11.000 years ago in the last
interstadial Allerod. However, Staszkiewicz (1993a,
b) argues that populations of the Scots pine found
there in few isolated distribution areas are relicts dat-
ing back to the last interglacial. In the Tatra Moun-
tains two different morphological types of Scots pine
populations are observed: a meridionalis type found in
Wielkie Koryciska in the western part; and a slightly
changed polonica type found in the eastern part in Lysa
Skata. Both of them possess a set of characteristic fea-
tures of cones and their multivariate analysis allows
to distinguish between them (Staszkiewicz 1961a,
1993a, 1993b). These morphological features of
cones, typical of Pinus sylvestris in the Tatra Mts., are
genetically determined, which was proved by Zajacz-
kowski (1949). In comparative cultures they retain
their characteristic features related to the speed of
growth. They also maintain short needles, character-
istic of the mountain population. It is not a result of

local adaptations because similar populations are
found in Europe; meridionalis type of populations is
found in many places from the Pyrenean in the west,
through the Central Massif in France, the Alps, Hun-
gary, to Slovakia; however, polonica is found only in
Poland and Finland (Staszkiewicz 1961a, 1970,
1993a, b).

The studies on interpopulational variability of
Pinus sylvestris are often focused on resin canals.
Pravdin (1964) and Vidyakin (1981) claim that their
number, visible in the cross-section of a needle, con-
stitutes a valuable diagnostic feature, however Lin et
al. (2001) suggest that crown position and tree age
has important influence to resin-canal density. The
attempt to separate population groups by means of
resin canals as a diagnostic marker may prove prob-
lematic. One reason for this is that the variability am-
plitudes of this feature may overlap in different areas
of the range (Urbaniak 1998). In the eastern
Carpathian Mountains, relict populations of Pinus
sylvestris differ from each other in the number of resin
canals which ranges from 9.3 to 14.7 (Molotkov et al.
1979) and from 14.3 to 14.8 (Yacyk 1977). In the
three investigated populations in the Tatra Moun-
tains, the variation in the number of resin canals is
small and ranges from 11.3 to 12.5. Such differences
are not statistically significant (Table 3). The Scots
pine population from Tuchola Forests has fewer resin
canals (8.9) than populations from the Tatra Moun-
tains. However, this value is smaller than in other
populations from the area of Poland, where it usually
ranges from 10.0 to 12.5 (Sokotowski 1931; Bobo-
wicz and Korczyk 1994; Urbaniak, 1998). In this
broad context the populations from the Tatra Moun-
tains do not differ considerably in regard to the num-
ber of resin canals from other populations of the Pol-
ish lowlands; there is even a similarity between them.
The highest number of resin canals — 12.53 - belongs
to the morphological type polonica of the eastern part
of the Tatra Mountains from Lysa Skala and a rela-
tively geographically close lowland population from
Janéw Lubelski (Bobowicz and Korczyk 1994). The
number of resin canals is correlated with the width
and thickness of needles and the distance between
vascular bundles (Tables 6.1-6.4). The comparison of
the thickness of cuticle with epidermis of different
populations indicates that the more northerly the
population is located, the thicker the both features
(Sokolov 1928; Mamaev 1972). But the populations
of the Scots pine of the Tatra Mountains have a con-
siderably thicker cuticle together with epidermis than
the population of the lowlands from Tuchola Forests
(Tables 2 and 3). This can stem from a modifying in-
fluence of the environment which is similar in many
parameters in the north and at the height of 1100 me-
ters above sea level where the studied Tatra popula-
tions are found. One of the reasons for such a charac-
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teristic of the trait can be also a very strong insulation
of south slopes where the populations grow.
A thicker epidermis with cuticle would prevent exces-
sive evaporation. Whether this is a genetically rein-
forced feature resulting from natural selection or
a consequence of environmental modifications could
be determined by thorough research conducted on
comparative cultures, but plant material sampled ac-
cording to standards (e.g. at the same time, at the
same crown location, tree age etc.) makes such mean-
ingful comparisons possible.

With regard to the remaining anatomical features
of needles, the populations of the Scots pine found in
the Tatra Mountains are also differentiated (Tables 4,
5). The three individual features: ¢ (the width of three
epidermis cells), g (the distance between vascular
bundles) and h (Marcet coefficient, trait d X g/e) dis-
tinguish the populations of the Tatra Mts. — 3
(Wielkie Koryciska) from the western part of the TNP
and 1 (Lysa Skata) from eastern parts of the TNP (Ta-
ble 4). Discriminant analysis which maximized dis-
tances between the populations proved the diversifi-
cation of the Tatra Scots pine which had already been
considered distinct — 1 (Lysa Skata) and 3 (Wielkie
Koryciska) (Staszkiewicz 1993a, b) with regard to its
geographical location (Fig. 3).

It seems, that the way to describe this differentia-
tion can only be done by a complex analysis of research
on both cones (Staszkiewicz 1993a, b) and needles
(Androsiuk and Urbaniak 2006). The authors of this
research focus on dissimilarity of lowland and eastern
and western Tatra populations. Such a dissimilarity, in
terms of morphological traits of needles, is determined
by the number of stomata, in most cases regardless of
the environment (Urbaniak et al. 2003).

The individual character of populations native to
the eastern and western part of the Tatra National
Park arises from their history which is related, among
other factors, to migration routes from glacial ref-
uges. That would correlate with conception (Wright
and Bull 1963; Cheddadi et al. 2004), who claim that
the today’s differentiation is a consequence of the iso-
lation of populations of different origin in the glacial
period. What supports the thesis is a simple conclu-
sion: since the morphological type of populations,
meridionalis, is widely distributed in southern parts of
Europe, it must have been shaped there in the last
glacial period. It is not found north of the Carpathian
Mountains. Hence, the Scots pine of the Tatra Moun-
tains in Wielkie Koryciska will be the north outpost of
meridionalis population which developed as a result of
the migration to the north. Although the polonica type
does not have any equivalents in southern Europe, it
does have some in the north of the continent, which
would prove, in line with Staszkiewicz (1970, 1993a,
b), that it was formed in the area of Poland and
Slovakia (Lewockie Mts.) and that the Scots pine

from Lysa Skala is a relatively old population from
historical point of view — even interglacial or early Ho-
locene relict. The comparison of populations from the
Tatra National Park with the lowland Scots pine na-
tive to Tuchola Forests enables us to find characteris-
tics typical of mountain populations. The needles of
population 4 (Rzepiczna) are the widest (traits d), the
thickest (traits e) and have the greatest distance be-
tween vascular bundles ( traits g) (Tables 2, 3).

During the last glacial period P. sylvestris was con-
strained under severe climatic conditions to survive
in scattered and restricted refugial areas. The combi-
nation of morphological and anatomical data can sup-
port thesis that the long-term isolation in the glacial
refugia and the migration process during the Holo-
cene had played a major role in shaping the modern
diversity of P. sylvestris in Europe. The unique charac-
ter of Tatra pine determine its value. Their today’s
condition seems to be the best guarantee of their fu-
ture existence.
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