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Abstract
The unpredictable nature of climate change impacts, e.g. warming producing a latitudinal shift in photoperiod, may modify 
trees’ rates of survival and capacities for growth. This is also true of the Scots pine (Pinus sylvestris L.), as one of Europe’s 
main forest-forming tree species. The best results in the study of tree responses to climate change can be obtained during 
long-term experiments carried out on provenance trials. Such objects make it possible to precisely determine the growth and 
adaptation reactions of offspring coming from different soil and climatic conditions to the conditions of the research area. 
Research of this kind has been conducted by analysing growth in the progeny of 16 different Polish provenances of Scots 
pine on a single provenance experiment located in the centre of Poland, in an area where annual precipitation is at the rather 
low average level of 580 mm. The experiment was established in 1966, using a randomised block design with five replicates 
for each of the tested provenances. In autumn 2015, trees present were monitored and analysis of variance was used for 
their heights and diameters at breast height, with estimates also made regarding straightness of the trunk, crown width and 
branching angle. At the same time, ecophysiographic features of the places of occurrence of parent stands for each of the 
provenances were also analysed, with a quantification of the relationship between the growth traits studied and ecophysi-
ographic features also achieved using PCA, while Ward’s Method of clustering was used to establish provenance groups 
characterised by multi-trait similarity. In the light of what is known about forecast climate change, it would be possible to 
transfer progeny of different pine populations, if only from places where levels of precipitation are lower, along with values 
for the De Martonne aridity index. In practice, Central Poland might play host to the progenies of pines from the western 
part of the country—as represented here by the Bolewice, Rychtal, Karsko and Gubin provenances. On the other hand, the 
progenies of pines from stands at higher altitudes will not be suitable for cultivation in lowland locations in Central Poland.
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Introduction

The natural range of occurrence of the Scots pine is so 
extensive that the species manifests far-reaching differences 
across it, in relation to morphology, productivity and qual-
ity (Sabor 1993; Giertych 1997; Reich and Oleksyn 2008). 
And given its economic significance, this species of pine is 
the subject of a large number of studies supplying results 
that allow for the identification and selection of the popu-
lations or individuals whose cultivation is likely to prove 
most valuable under given geographical and environmen-
tal conditions. Engagement in appropriate means of selec-
tion (above all based on the division of the given country 
into seed regions) can bring measurable economic effects, 
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while also enhancing both the persistence and the stability 
of stands of Scots pine (Chodzicki 1975).

The impacts of climate warming are also hard to predict 
when it comes to the reactions of different species of tree 
(Davis et al. 2005; Matala et al. 2006; Scholze et al. 2006; 
Misi et al. 2019). Warming has a direct influence on chances 
of survival, growth increments and the quality of growth that 
is achieved (Eilmann et al. 2009; Misi and Náfrádi 2017). 
The climate warming in the northern hemisphere may also 
result in a shift of climatic zones to the north (Wang et al. 
2006).

Populations of pines occurring in a boreal climate may 
react positively to warming, even as reactions of trees in 
central and southern parts of Europe are quite the reverse 
(Rehfeldt et al. 2002; Reich and Oleksyn 2008). In addition 
to climatic aspects, the genetic distinctiveness of eastern 
and western populations, reflecting their different pedigrees, 
should be taken into account (Naydenov et al. 2007). Savva 
and Vaganov (2006) reported the genetic determinants of 
pine response to the factor of drought. Based on observa-
tion conducted on two provenance experiments (founded in 
1964 and 1974) authors pointed out that in southern popula-
tions there is a different incremental dynamics of early and 
late wood than in northern populations. This would tend to 
denote the genetic adaptation of particular populations to the 
climatic conditions they experience.

There is obviously considerable value in assessing trees’ 
reactions to climate change, by way of long-term study on 
permanent provenance trials. For—under these circum-
stances—the progeny of populations originating in differ-
ent geographical locations can be present over long periods 
under local climatic conditions that may be characterised 
and defined precisely. Work of this kind therefore allows for 
conclusion-drawing in relation to the reactions of different 
populations to specific climate change.

However, despite the large number of studies run, it 
remains difficult to determine precisely the way trees may 
react to anticipate warming of the boreal and temperate cli-
mates (Matala et al. 2006; Scholze et al. 2006; Reich and 
Oleksyn 2008). That said, the results obtained hitherto sug-
gest that even small changes will prove negative for what 
is Europe’s main forest-forming species—the Scots pine 
(Strömgren and Linder 2002; Reich and Oleksyn 2008).

Even before interest in these matters was developing 
much, a provenance experiment relating to Scots pine was 
set up in Rogow. Originally, the main goal was to determine 
the growth and quality of populations from other climatic 
regions of the country in the conditions of Central Poland. 
Nowadays, such experiments can be used for preliminary 
research in the field of assisted migration of tree species in 
the context of occurring climate change. For this purpose, 
the De Martonne aridity index was used for the analysis. 
In the region of the provenance experiment, it takes values 

below the mean (36.3 mm/°C) compared to the location 
of the mother stands (from which the studied populations 
originate) and results from the occurrence of quite high tem-
peratures with low rainfall in the region of Central Poland 
(Fig. 1, Table 1).

Furthermore, in the last decade or so in particular, Cen-
tral Poland has come to experience very marked water-
deficit effects in the face of a rise in average temperatures 
(Chojnacka-Ożga and Ożga 2018a, b). Therefore, the loca-
tion of the provenance trial in such a place may increase the 
possibilities of assessing the adaptability of studied popula-
tions to the Central Poland conditions.

The study aim was to verify the research hypotheses, 
assuming that: (1) the progenies of populations growing in 
similar or worse conditions of precipitation deficiency and 
high temperature will better adapt to difficult conditions, and 
(2) the native populations adapt the best to local conditions 
on the provenance trial.

Materials and methods

As noted already, the experimental site referred to here 
was founded in 1966 in the context of the Rogow Forest 
Experimental Department. That lies within the Forest Sub-
District of Lipce, within Compartment 44j (and hence at 
51°54′29.1"N, 19°54′46.4"E). Relevant spatial informa-
tion for the experimental site is detailed in Szeligowski 

Fig. 1   Locations of parental stands and a schematic representation of 
the distributions of the analysed provenances for Scots pine growing 
on the provenance trial at the Rogów Forest Experimental Station. 
Janow Lub.*—the abbreviation of Janow Lubelski provenance name
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et al. (2015). The experiment was established on what had 
been farmland, featuring lightly dusty clayey sands down 
to a depth of 40−55 cm. This is underlain by a dusty layer 
showing signs of podsolisation. All of this soil is highly 
acidic—and that applies down to depths of 160–180 cm. 
While the site type here was referred to as mesic mixed/
coniferous forest (so-called BMśw) as of 1966, revision of 
the forestry management classifications has seen it re-cate-
gorised as mesic mixed/broadleaved forest (so-called LMśw) 
(Zielony 1993). Relevant meteorological information is as 
detailed in Table 1.

As measurement work on the provenance experiment was 
conducted in the autumn of 2015, it was in a position to 
take account of some 50 years of growth. Measurements 
were made of tree heights and breast-height diameters, with 
assessments also made of the straightness of trunks. Crown 
widths (at the base of the living crown) and branching angle 
(at the mid-point within the living crown) were also consid-
ered. Traits based on estimates used a classification system 
as follows: straightness of trunks: (1) much severe curvature, 
(2) one example of severe curvature, (3) curvature of aver-
age size, (4) one, or two minor, examples of curvature, (5) 
straight; crown width: (1) very narrow, (2) narrow, (3) aver-
age, (4) broad, (5) very broad; branching angle: (1) of less 
than 30°, (2) of between 31 and 40°, (3) of between 41 and 
50°, (4) of between 51 and 60°, (5) above 61°.

The volumes of individual trees and stands were deter-
mined in-line with the formula:

where: g1,3 refers to the breast-height cross section, h is tree 
height, and f1,3 is steam form factor (Bruchwald and Rymer-
Dudzińska 1998).

Long-term mean values for air temperature and atmos-
pheric precipitation in the areas around maternal stands 
whose progeny were tested were obtained as grid data from 
the Climatic Research Unit database (CRU CL v. 2.0), with 
a spatial resolution of 10' (New et al. 2002). The synthetic 
description of climatic conditions in the places of growth of 
maternal stands was also achieved by taking note of the De 
Martonne aridity index (De Martonne 1926):

where: P is precipitation and T as mean temperature.
Measurable traits were characterised by calculated mean 

values as associated with their standard errors. The fallow-
ing linear mixed model (LMM) was used for analysis:

where: Ykj is the observation, µ is the overall mean, Pk is the 
fixed effect of kth provenance, Bj is the random effect of jth 
block, and ejk is the error.

In contrast, estimated features were determined by refer-
ence to shares of trees assigned to the classes distinguished 

V = g1,3 × h × f1,3

Ma =
P

(T + 10)

Ykj = � + Pk + Bj + ejk

Table 1   Characteristics of the 
environmental conditions in 
parental stands for the studied 
provenances of Scots pine, as 
well as the study area

* L—the local population; C—Central Poland, N—Northern Poland, W—Western Poland, M—montane 
population, P—annual precipitation total; T—mean annual temperature; Ma—De Martonne aridity index; 
Habitat conditions—forest site type: LMśw—mesic mixed/broadleaved forest; BMśw—mesic mixed/conif-
erous forest; Bśw—mesic coniferous forest; Bw—moist coniferous forest; BMG—montane mixed/conifer-
ous forest

Forest District Region
of Poland

Alt. m. a.s.l P [mm] T [°C] Ma [mm/°C] Growing
season [d]

Habitat
conditions

Rogow (L*) C 197 579 7.8 32.6 194 LMśw
Bolewice W 114 535 8.7 28.7 198 Bśw
Janow Lub. C 227 571 7.4 32.8 194 Bw
Rospuda N 145 582 6.5 35.3 189 Bśw
Lipowa N 112 588 7.0 34.6 193 Bśw
Spala C 175 583 7.7 33.0 195 BMśw
Dluzek W 137 637 6.9 37.7 192 Bśw
Karsko W 80 556 8.7 29.7 198 BMśw
Starzyna N 161 564 6.9 33.3 191 LMśw
Ruciane N 147 628 7.0 36.9 190 BMśw
Gubin W 72 552 9.0 29.0 201 BMśw
Jegiel N 124 554 7.3 32.0 194 Bśw
Rychtal N 174 574 8.2 31.5 197 LMśw
Taborz N 105 656 7.1 38.4 192 BMśw
Suprasl N 166 585 6.6 35.2 190 BMśw
Nowy Targ M 648 1019 3.5 75.3 182 BMG
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(qualitative data). This type of data were also analysed using 
the model presented above, except that a multinomial distri-
bution was assumed for the observation values, thus creating 
a GLMM (generalized linear mixed model) model. The Tuk-
ey’s linear contrast was used to make pairwise comparisons 
between the provenance for the LMM and GLMM models.

The analysis of comparisons between the provenances 
was performed for all quality classes of the three examined 
features (straightness of trunks, width of the crown and 
angle of the branches). Due to the very large number of 
classes (15), detailed analyses are presented only for the best 
economically class for each feature: the share of trees in the 
straight trunks class (5), in the narrow crown class (2), and 
in the branch angle setting above 61° (class 5). The diver-
sity of origins in terms of the share of trees in these classes 
was compared to the tree density at the age of 50 per 1 ha 
(trees/ha).

The relationships between all the traits used to describe 
tested provenances were then assessed using Principal Com-
ponent Analysis (PCA). In order to demonstrate the simi-
larity between the progeny, the actual values of weather 
conditions (long-term averages) characteristic for the mater-
nal stands locations of the studied populations were used. 
Groups of provenances characterised by multi-trait similarity 
were then generated using Ward’s cluster analysis method, 
with the measure of similarity being the Euclidean distance 
squared. All calculations were made with the aid of the R 
3.2.1 statistical package.

Results

After 50 years of growth on the study site, there was found 
to be considerable differentiation among the 16 prove-
nances in mean values for breast-height diameter (DBH), 
height (H) and stand volume (V) (Table 2). The ranking 
in-line with stand volume included, in the most favour-
able situation, the pine progeny from Bolewice, where 
the figure attained was 459.2  m3  ha−1 of merchantable 
wood per hectare. High volume figures were also noted 
for the populations from Karsko (439 m3 ha−1), Rychtal 
(438.9 m3 ha−1) and Dluzek (434.6 m3 ha−1), while the 
lowest were noted for the progeny groups deriving from 
Rospuda (322.9 m3 ha−1), Janow Lubelski (319.2 m3 ha−1) 
and Nowy Targ (198.2  m3  ha−1). The studied popula-
tions differed statistically significantly in terms of the 
mean value of the volume. The separate group with a low 
value of the analysed feature were pines from Nowy Targ 
(Table 2). A similar degree of differentiation was noted 
for the DBH and height data, with both features achieving 
their highest values in the case of the Bolewice provenance 
(DBH = 226.8 mm, H = 23.2 m). This compared favourably 
with the poorest results for DBH—the 203.8 mm noted 
for Rospuda trees, as well as height—Jegiel (H = 21.7 m).

When it came to variability measured by reference 
to standard error, it was trees in the Gubin, Dluzek and 
Rychtal populations that varied least, and those from the 
Rospuda and Nowy Targ provenances that varied most. 

Table 2   Mean values for 
number of trees per repetition, 
where the size of one plot is 
255m2 (Density), breast-height 
diameter (DBH), tree height (H) 
and stand volume (V) in relation 
to the 16 analysed provenances 
and the results of the analysis 
of variance and the structure 
of statistically homogeneous 
groups (BS—standard error 
associated with the mean)

* Differences between means statistically significant at α = 0.05; a, b, c, d—statistically homogeneous 
groups

Provenance Density
[trees/255m2]

DBH
[mm]

BSD H
[m]

BSH V
[m3/ha]

BSV

Bolewice 24.6 226.8 4.19 23.2 d 0.11 459.2 d 15.87
Karsko 27.0 217.3 7.87 23.0 cd 0.21 439.0 d 9.16
Rychtal 21.6 214.8 3.98 22.9 bcd 0.12 438.9 d 13.96
Dluzek 24.6 217.2 2.61 22.7 abcd 0.09 434.6 cd 21.07
Suprasl 26.2 206.2 5.44 21.8 ab 0.22 387.4 bcd 15.70
Gubin 26.4 215.7 2.54 22.6 abcd 0.08 378.6 bcd 20.94
Starzyna 28.8 214.0 5.83 22.5 abcd 0.20 376.9 bcd 17.01
Spala 29.2 210.7 5.01 22.6 abcd 0.18 376.5 bcd 10.37
Jegiel 26.4 216.8 6.98 21.7 a 0.26 371.7 bcd 17.79
Taborz 26.6 210.0 7.19 22.6 abcd 0.27 369.3 bcd 20.86
Rogow 25.6 219.6 7.86 22.6 abcd 0.21 368.9 bcd 23.33
Ruciane 25.8 208.6 8.76 22.3 abcd 0.33 366.6 bcd 25.94
Lipowa 29.8 210.8 7.36 22.3 abcd 0.26 361.5 bcd 28.17
Rospuda 26.6 203.8 10.05 22.0 abc 0.44 322.9 bc 39.32
Janow Lub. 29.6 213.2 6.98 22.5 abcd 0.25 319.2 b 33.38
Nowy Targ 15.2 205.9 9.30 22.2 abcd 0.29 198.2 a 21.30
Mean 25.9 213.2 6.40 22.5* 0.22 373.1* 8.35
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Likewise, standard errors associated with height were 
lowest for Gubin and Dluzek, and highest in the cases 
of Rospuda and Ruciane. Finally, the least variability in 
stand volume characterised the Karsko population; while 
the Rospuda and Janow Lubelski trees were at the other 
end of the spectrum from this point of view. Statistical 
analysis showed no significant differences in mean DBH. 
Four homogeneous groups were distinguished in the case 
of height (Table 2).

Trees with multidimensional curvatures (class 1) were 
found only in the Gubin and Jegiel populations, while trees 
with a very large one curvature (class 2) were recorded in 
eight populations (Fig. 2a). Participation in these classes 
did not exceed 2%. Class 3 (curvature of average size) 
comprised about 5–25% of trees, while pines with small 
curvatures (class 4), depending on the population, ranged 
from 40 to 65%. The straight-trunked pines, as the most 
valuable (class 5), ranged from 15 to 50%. Such trees were 
the most numerous in Rospuda, Starzyna, Rychtal, Dluzek 

Fig. 2   Structure [%] for trunk straightness, crown width, and mean angle between stem and branches among the trees studied provenances (1–5 
traits classification described in chapter Materials and methods)
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and Suprasl populations (Fig. 3a). The differences between 
the share of trees with the most straight trunks in the popu-
lations were statistically significant (p < 0.05).

All populations turned out to be very similar in terms of 
crown width (Fig. 2b). The highest (over 20%) proportions 
of trees with very broad crowns (class 5) were obtained for 
the Bolewice, Lipowa, Spala, Karsko, Ruciane and Gubin 
provenances. The share of trees with broad crowns (class 
4), depending on the population, ranged from 22 to 46%, 
with average crowns (class 3) from 26 to 41%, and with 
narrow crowns (class 2) from about 4 to 15%. In these four 
classes, no statistically significant differences were found 
between the shares of trees in individual populations. In 
turn, a figure of around 13% was the highest noted for the 
share of all trees in a population with very narrow crowns 
(class 1). This applied in the case of the populations from 
Janow Lubelski and Jegiel. No trees with very narrow 
crowns were found in the populations of Spala, Karsko 
and Rychtal (Fig. 3c).

Trees with branches departing from the trunk at a very 
acute (< 40°—class 1 and 2) angle were not noted in any 
of the provenances studied (Fig. 2c). The share of trees in 
class 3 (41° to 50°), depending on the population, ranged 
from 2 to 36%. In each provenance the greatest numbers 
(from 46 to 74%) of trees were allocated to class 4—mean-
ing a branching angle ranged from 51° to 60°. The extreme 
examples with branches forming an angle greater than 61° 
were progeny from the Spała, Bolewice and Ruciane prov-
enances (over 30% of share), while pines from Rychtal had 
the lowest, 11% share (Fig. 3b).

After 50 years of growth the tree density ranged from 
about 600 trees/ha (Nowy Targ) to almost 1200 trees/ha 
(Rychtal). The differences between the density of individual 
populations were statistically significant. Low densities, not 
achieving 1000 trees/ha, were also found in the following 
populations: Janow Lubelski, Rogow and Rospuda, while 
high density, over 1100 trees/ha, was found in the group: 
Suprasl, Karsko and Dluzek (Fig. 3d).

Fig. 3   The share [%] of trees in the context of the analysed features a, b, c, and d 
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The Principal Component Analysis carried out revealed 
two first axes together explaining 63.61% of the multivariate 
variability present among trees of the different provenances. 
PC1 was able to account for 43.7% of variability (Fig. 4, 
Table 3) and proved to be correlated most strongly with the 
De Martonne aridity index, as well as altitude and annual 
precipitation totals. In turn, there were inverse correlations 
noted with mean annual temperature, stand volume and 
length of the growing season. The second component (PC2) 
was able to explain a further 19.9% of variability, with the 
strongest direct correlation being with tree heights and the 
location along the gradient of altitude above sea level. In 
turn, the component displayed a negative correlation with 
latitude, age of the maternal stand, longitude and straight-
ness of the trunk.

Multifactor cluster analysis distinguished a first group 
(comprising the local-origin Rogow trees as well as those 
representing the Spala provenance) whose characteris-
tic traits were a high figure for breast-height diameter (of 
215 mm), average values for tree height and stand volume 
(22.6 m and 372.7 m3/ha, respectively), and low values for 
straightness (i.e. a large share of trees presenting curvature) 
(Table 4, Fig. 5). When set against those in other groups, the 
pines of group 1 had average values for coefficients when 
it came to crown width (3.50) and branching angle (4.14). 
A second group comprised eight provenances (of Rospuda, 
Starzyna, Suprasl, Dluzek, Taborz, Ruciane, Jegiel and 
Lipowa)—with features here being low values for DBH 
(211 mm) and height (22.2 m), as well as an average figure 

for volume (373.9 m3/ha). The mean value for the coefficient 
of trunk straightness is high in this group—at 4.29, while 
there are intermediate values for crown width and branching. 

Fig. 4   Distribution of the 16 
provenances in-line with the 
first two Principal Components

Table 3   Coefficients for correlations between the traits studied and 
each of the first two Principal Components determined, as well as 
“own values” for the correlation matrix and information on the per-
centage of overall variability accounted for by the Principal Compo-
nents

Explanatory variable PC1 PC2

Breast-height diameter (DBH) [mm] − 0.11 0.13
Height (H) [m] − 0.09 0.19
Volume (V) [m3/ha] − 0.14 − 0.04
Straightness of trunk 0.06 − 0.17
Branching angle 0.05 0.00
Crown width − 0.05 0.13
Forest site type 0.00 0.08
Age 0.00 − 0.23
Longitude [degrees] 0.09 − 0.21
Latitude [degrees] − 0.05 − 0.25
Altitude a.s.l 0.13 0.17
Annual precipitation total (P) [mm] 0.13 0.14
Mean annual temperature (T) [°C] − 0.15 0.01
De Martonne aridity index (Ma) [mm/°C] 0.14 0.12
Growing season [days] − 0.14 0.05
Own values 6.55 2.98
Percentage of variability explained 43.72 19.89
Cumulative percentage [%] 43.72 63.61
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Group 3 in turn comprises the Bolewice, Karsko and Gubin 
populations, which are characterised by the largest dimen-
sions and a high figure for volume, even as trunk straight-
ness is less well-marked than in other groups (meaning large 
numbers of curved trees), which the coefficient for crown 
width is high and the branching angle is low. The remaining 
groups (4, 5 and 6) are represented by single populations 
only, with number 4 (Rychtal) characterised by the highest 
stand volume (of 438.9 m3/ha), as well as the highest val-
ues for the coefficients describing straightness of the trunk 
and crown width, as well as the lowest value for branch-
ing angle (denoting a sharp angle). Group 5 comprises the 
population from Janow Lubelski only—with intermediate 
values for DBH and height (213 mm and 22.5 m), as well 
as low figures for volume (319.2 m3/ha), an average level of 
trunk straightness (a value for the relevant coefficient equal 
to 4.22), and broadest crowns (3.13), as well as a very high 
value for the coefficient relating to branching angle (4.24).

For its part, the sixth group included the population 
from Nowy Targ—featuring the lowest values for growth 
parameters and volume (the latter at just 198.2 m3/ha). The 
trees of this population are of intermediate straightness and 

crown width, though they have the highest mean values for 
the coefficient of branching angle. For this lowest-classified 
provenance, environmental conditions at the place where 
the maternal stand is located feature large totals for annual 
precipitation, a high altitude above sea level, a high value 
for the De Martonne index, a low value for mean annual 
temperature and a short growing season.

Discussion

Intensifying climatic warming in Europe is contributing to 
impairment in the immunity of forest-trees species, includ-
ing also the Scots pine—notwithstanding the considered sta-
tus of this tree as drought-resistant. As the pine is not noted 
for its thermal requirements, forecast rises in temperature 
may lead to a retreat from certain sites or areas occupied at 
present. Were such scenarios to arise that would unavoidably 
denote a need to facilitate migration of more drought-resist-
ant populations (Seidel et al. 2016). This could be accom-
plished by transferring young trees from drier and warmer 
areas to regions where the climate anticipated will be similar 

Table 4   Features characterising 
progeny in the designated 
provenance groups

Provenances in groups: (1) Rogow, Spala; (2) Rospuda, Starzyna, Suprasl, Dluzek, Taborz, Ruciane, Jegiel, 
Lipowa; (3) Bolewice, Karsko, Gubin, (4) Rychtal; (5) Janow Lubelski; (6) Nowy Targ

Group DBH [mm] H [m] V [m3/ha] Straightness Crown width Branching angle

1 215 22.6 372.7 4.06 3.50 4.14
2 211 22.2 373.9 4.29 3.42 4.11
3 220 22.9 425.6 4.04 3.66 4.09
4 215 22.9 438.9 4.34 3.71 3.79
5 213 22.5 319.2 4.22 3.13 4.24
6 206 22.2 198.2 4.25 3.50 4.26

Fig. 5   Grouping (1–6) of the 
studied provenances of Scots 
pine by reference to the features 
in Table 3
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(Bussotti and Pollastrini 2015). This kind of assisted or facil-
itated migration would prove especially important where the 
same species is present over a very extensive range—across 
which climatic conditions can differ quite markedly. This 
is of course the case for the Scots pine, which is currently 
Poland’s key tree species from the economic point of view, 
accounting for almost 60% of the entire area of forest (State 
Forest Report 2020). There is therefore justification for a 
seeking-out of the populations most suited to cultivation 
under conditions anticipated for the modified environments 
of the near-future.

Indeed, the ecological and economic significance of the 
Scots pine is particularly great given the lack of other spe-
cies of anything like equal (economic and natural) impor-
tance in circumstances of poor soils. In the view of Sabor 
and Stachnik (1990), as well as Giertych (1997), Scots pines 
across Poland are generally characterised by continuous var-
iation, with one population differing from another in-line 
with differences in environmental conditions—which are 
sufficient to shape features in the species.

It was in-line with this thinking that the progeny of pines 
of 16 different provenances were tested in the experiments 
described above—and also found to be characterised by con-
siderable variation in DBH, height and qualitative features. 
In the light of the results for genetic differentiation presented 
by Nowakowska (2003), as well as Hebda et al. (2017a), this 
is a known phenomenon, and one that mainly reflects the in-
migration of the Scots pine into what is today Poland from 
refugia areas elsewhere in Europe.

While Giertych (1997) and Barzdajn et al. (2016) were 
of the view that provenance experiments demonstrate the 
superiority of local populations of pine, our work on the 
research area at Rogow could not confirm that; and nor did 
work carried out at a site in Polany, where the Piwniczna 
population is regarded as local (Sabor 1993; Hebda et al. 
2017a, b). Our analysis reveals that at-best average values 
are achieved by the population from Rogow itself (as well as 
the closest outside population from Spala). Indeed, 44 years 
of assessment of the silvicultural value of trees with both 
of these origins has already pointed to their limited value 
(Szeligowski et al. 2015). This is one of the reasons for it to 
seem entirely justified and worthwhile to seek out popula-
tions of greater value under the conditions of Central Poland 
than those regarded as local. Furthermore, the search effort 
involved obviously benefits from information on the climatic 
conditions prevailing in the area of occurrence of the parent 
populations whose progeny are under study on the prov-
enance experiments.

Thus, when it comes to the De Martonne aridity index, 
values similar to those at the trial site also characterised 
maternal stands hosting the Spala, Jegiel, Janow Lubelski 
and Starzyna provenances. Beyond that far less precipita-
tion actually falls in the circumstances of the climate at 

Bolewice, Gubin, Karsko and Rychtal, which are all in 
western Poland. The high stand volumes characterising these 
populations in the study area serve to confirm their suitabil-
ity for silviculture in the central part of the country—and 
this can be justified, not purely from the economic point 
of view, but also in-line with the adaptability to worsening 
climatic conditions. In the light of the latter, it may be that 
typical qualitative traits of trees (like straightness of trunk, 
breadth of crown or branching angle) may come to look less 
significant than those relating to increment and survival.

Conclusions similar to the above were reached in the 
case of the provenance trial in Suprasl (as an area within 
the IUFRO 1982 series that tested populations of Scots pine 
representative of the entire European range of the species). 
Barzdajn et al. (2016) thus showed how populations trans-
ferred in from the boreal zone (i.e. the northern part of the 
range in Russia, Latvia and Sweden)—though character-
ised by lower growth rates, earlier cessation of main trunk 
growth and more limited dimensions in general—did have 
considerable potential for adaptation to the warmer climate 
of Central Europe.

In turn, in the circumstances of Poland, a southern Euro-
pean provenance denoted lower rates of survival, together 
with productivity. As with our analysis, local populations 
were included among the provenances showing good 
growth—but not in fact the best of all. For their part, Seidel 
et al. (2016) reported that, under conditions of moderate 
drought, 2-year-old saplings of Scots pine of southern (Span-
ish, French or Bulgarian) provenances were characterised by 
lower stress levels and more favourable growth rates follow-
ing stress than were found to characterise the populations 
from Poland and Germany (Central Europe).

Provenance studies with Scots pine further reveal how—
in the conditions of Central Poland—the highest values for 
features of growth are reported for populations originating at 
latitudes between 49 and 53°N, even as height, breast-height 
diameter and figures for the accumulation of above-ground 
and root biomass were correlated significantly with the lati-
tude of the parental populations (Matras 1989; Oleksyn et al. 
1999, 2000; Barzdajn et al. 2016). Our research showed that, 
within the limits for latitude given above, provenances from 
the Western Poland area adapt better to the climatic condi-
tions of Central Poland than an origin in the east or north 
of the country. This links up with the lower precipitation 
totals and lower values for the De Martonne aridity index 
characteristic for maternal stands in the west of the country.

The secondary ecological importance of quality features 
(trunk straightness, crown width, and branching angle) does 
not release the need to include them in the analyses. Earlier 
studies (Giertych 1986, 1988; Sygit and Giertych 1995) indi-
cated that the best in terms of trunk straightness, i.e. feature 
of the most important economic significance, are the popula-
tions of Dluzek, Ruciane and Suprasl. Our analysis revealed 
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that in the Central Polish conditions, in terms of this feature, 
the populations from Rospuda and Starzyna are the best. On 
the other hand, the populations mentioned by Giertych (1986, 
1988), especially Dluzek and Suprasl, were also character-
ised by a large share of straight trees. Wide crowns of pines 
increase the weight of the assimilation apparatus responsible 
for biomass production and at the same time reduce the qual-
ity of the wood raw material (poor removal of branches from 
the trunks). An example of such a population is Bolewice, 
whose progeny had similar properties also on the Polana study 
plot (Hebda et al. 2017b). In addition, the results of numerous 
international and national provenance studies on the racial 
variability of Scots pine indicate the good quality of the Mas-
urian pine race (including the Ruciane, Suprasl and Taborz 
populations) and the West Pomeranian pine race (Bolewice 
and Rychtal populations) (Giertych 1979, 1980, 1997; Kow-
alczyk 2005). Also in the international provenance experiment 
established in Bosnia and Herzegovina (testing fifteen popu-
lations from the Scots pine range), the Ruciane population 
as a representation of Poland was the highest (Ballian et al. 
2019). Considering the above, it can be clearly stated that in 
the conditions of Central Poland, selective thinning focused 
on high quality of wood material can be successfully carried 
out in north-eastern populations. The management in western 
pine populations should be based on the biomass of stands.

The population of Janow Lubelski is also noteworthy, 
where a lot of trees with very narrow crowns were found, 
despite one of the lowest densities on the research site 
(847 trees/ha). Zajączkowska et al. (2020) noted the dis-
tinctiveness of the pine from Janow Lubelski. The author 
suggested that apart from acclimatization factors, the rea-
son for the different anatomical structure of the needles of 
this population may be its origin from the southern migra-
tion (Alpine and Balkan refugium).

PCA multivariate analysis provided for the description 
of a number of relationships between features of the prog-
eny and climatic factors determining growth of trees in 
the maternal stand. It also supported a particular grouping 
of these in-line with similarity in respect of growing in 
similar climatic conditions. One key relationship related to 
the fact that the greater the annual precipitation total and 
higher the values of the De Martonne aridity index (as well 
as the greater the altitude above sea level of the mater-
nal population), the lower the values obtained for features 
measured among progeny growing at the site in Central 
Poland (i.e. volume, breast-height diameter and height).

It was in this way possible to confirm a thesis advanced 
by Giertych (1979), as well as Sygit and Giertych (1995), 
to the effect that pines from sites at altitudes above 200 m 
a.s.l. are not suitable for cultivation on the Polish lowlands.

The cluster analysis also confirmed multi-trait similari-
ties between populations whose parental stands are in close 
proximity with one another. An example would be combined 

groups of three provenances from Western Poland (i.e. Bole-
wice, Gubin and Karsko), as well as 7 from the north-east. 
The analysis further confirmed the similarity of stands made 
up of individuals from Rogow and Spala, while also suc-
ceeding in distinguishing the Nowy Targ and Janow Lubel-
ski populations.

Conclusions

With climate change in prospect, there is a possibility of 
reacting by transferring progeny from populations of Scots 
pine around the country, but this will only be indicated if 
places of origin are those in which the climate has lower 
levels of precipitation and lower values for the De Mar-
tonne aridity index. The analyses have revealed that there 
is a possibility of pine progenies transfer from populations 
located in the western part of the country, such as Bolewice, 
Rychtal, Karsko and Gubin, to Central Poland. It should also 
be emphasized that the very poor survival rate and popu-
lation growth from Nowy Targ confirms the assumptions 
known from the literature that the progeny of pines from 
higher altitude stands are not suitable for cultivation in low-
land areas of Poland.

However, selection of the best populations for transfer 
will be possible after performing similar analyses on paral-
lel provenance trials from the same series of experiments. 
Another four experimental sites that test the same popu-
lations are located in different climatic regions of Poland 
and are under the scientific supervision of other research 
institutions. A comprehensive analysis of data from Fife 
provenance trials will bring new knowledge about the stud-
ied populations adaptability to various climatic conditions 
and should indicate many more possibilities for the assisted 
migration of Scots pine populations in Poland.
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