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ABSTRACT

This study deals with the influence of the silvicultural measures on selected mechanical 
properties of Scots pine (Pinus sylvestris L.) wood in the Czech Republic. Sample trees were 
selected at two different localities that are characteristic of Scots pine growth, and they represent 
two different Scots  pine regeneration methods, namely the clear-cutting and shelterwood 
regeneration method. We tested compressive strength and impact bending strength. The density 
of the wood was also evaluated as a factor influencing strength characteristics. The shelterwood 
regeneration method shows higher values in most of the investigated characteristics (49.3 MPa for 
the shelterwood method and 44.6 MPa for the clear-cutting method in the case of compressive 
strength); however, these differences are not significant for the processing industry. Another 
positive effect of the shelterwood regeneration method is the even distribution of the properties 
within the trunk in radial direction in contrast to clear-cutting method.
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INTRODUCTION

The Scots pine (Pinus sylvestris L.) is the most wide spread and one of the most economically 
important evergreen trees in Europe (Kask 2015). Currently, the regeneration of new stands 
by planting seedlings is the most widespread method of growing Scots pine (Agestam et al. 
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1998). However, due to favourable environmental impacts, there is a growing interest in natural 
regeneration of stands. This method of regeneration of Scots pine stands is widely applied in 
the Scandinavian countries, but in Central Europe it is a marginal regeneration method (Bílek  
et al. 2018). Very little attention is paid to the influence of silvicultural practices on the quality of 
wood, in particular on the properties of wood, which are important from the perspective of the 
processing industry (Eriksson et al. 2006).

One of the criterions determining the use of wood in industry are the mechanical properties 
of wood. In particular, strength characteristics are closely related to wood density and are closely 
related to each other (Zeidler et al. 2015). Differences in mechanical properties can be found 
between individual trees of the same species as well as within a single tree, both in the radial 
(from the pith to the bark) (Horáček et al. 2017). The variability of properties in the trunk in the 
radial direction has been confirmed by many authors (Hautamäki et al. 2014, Kask 2015, Jelonek 
et al. 2008, Raiskila et al. 2006a). Generally, for conifers, it applies that the wood properties 
increase with increasing distance from the pith (Fernandes et al. 2017, Ivković et al. 2013, 
Nicholls and Brown 1973, Repola 2006). Factors contributing to this radial variability include, 
in particular, the annual ring width and the presence of juvenile wood in the trunk (Zeidler and 
Šedivka 2015, Zobel and Van Buitenen 1989). The presence of juvenile wood is cited as one of the 
main causes of horizontal variability, in particular in coniferous trees (MacDonald and Hubert 
2002, Kretschmann et al. 1998). Juvenile wood is a zone in the middle of the trunk occupied 
by approximately 5 to 20 annual rings (Kretschmann et al. 1998). It shows a different structure 
(fiber length, fibril orientation in the cell wall) and chemical composition (Horáček et al. 2017) 
compared to mature wood. Another cause of the variability of wood properties in the radial 
direction is the thickness of the annual ring and the associated proportion of late wood (Požgaj 
et al. 1997, Kolmann 1951). Generally, for softwoods, it applies that with increasing annual 
ring thickness, the resulting wood properties are decreasing. The variability of properties in the 
trunk is primarily due to the relationship between the wood density and its strength (Horáček  
et al. 2017). The variability of wood properties between trees is around 5 - 20% and is much 
smaller than the variability of characteristics in the trunk. The variability between individual 
trees is mainly due to genetic properties, while variability within the trunk is caused by different 
trunk thickness and the number of annual rings (Horáček et al. 2017).  

The aim of this work is to assess the impact of the application of the shelterwood regeneration 
method and clear-cutting regeneration method on selected physical and mechanical characteristics 
of Scots pine wood from the Czech Republic. The evaluation criteria determining the impact of 
the regeneration method were wood density, impact bending strength and compressive strength 
of wood. The variability of these wood properties in the trunk in the horizontal plane was also 
analysed. The influence of density on the strength characteristics was also evaluated.

MATERIAL AND METHODS

Materials
Sampling was carried out in two different localities, which are representative of the growth 

of Scots pine in the Czech Republic (Fig. 1). At each locality, two stands were selected that 
represent different habitats and different regeneration methods (Tab. 1).
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Fig.1: Location of study areas in the Czech Republic.

Tab. 1: Stand and site characteristics.

Locality Regeneration 
method

Tree height
 (m)

DBH 
(mm)

Forest site 
type*

1 
Doksy

Shelterwood 13.0 169 0K
Clear-cutting 18.1 187 0K

2 
Chvojno

Shelterwood 15.2 205 2I
Clear-cutting 21.7 224 2I

DBH – diameter at the breast height
* set of forest types according to the Czech typological system (Viewegh et al. 2003)

A total of 7 sample trees were taken from each stand. A total of 28 sample trees were taken 
from which the test material was made. An important criterion for the selection of samplers 
was the representation of characteristic individuals for a given stand, and the absence of growth 
irregularities and defects.

Methods
A 120 cm long section from the trunk base region was taken from each sample trees. Along 

with the sections, discs were cut off at the collection point so that annual ring analyses could 
be carried out. The sections were taken from the forest stands for subsequent cutting on a band 
saw, and the planks were stored and left to dry naturally. The subject of further processing was 
a central plank that allows for the evaluation of the distribution of properties over the trunk 
diameter, which was subsequently used for the production of test specimens. The test material was 
used for the production of test specimens for physical and mechanical tests. The test specimens 
for the physical tests were 20 x 20 x 30 mm (radial x tangential x axial). The physical property 
examined was density. The wood compressive strength was determined on the same specimens as 
the wood density and specimens for impact bending strength had dimensions of 20 x 20 x 300 mm 
(radial x tangential x axial). The test specimens in the air-conditioning chamber are air-
conditioned to an equilibrium moisture of 12%, in conditions with an air temperature of 20°C 
(± 2°C) and a relative moisture content of 65% (± 5°C). All of the samples comply with quality 
standard ČSN 49 0101 and do not have irregularities, growth defects or pressure wood.

Standard ČSN 49 0108 was used to evaluate wood density. The number of test samples for 
wood density was 1268. The density (ρ) was determined according to the following Eq. 1:

			   (g.cm-3)			   (1)

where:	 m - the weight of the specimen (g),
	 V -  the volume of the specimen (cm3).
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Compressive strength was determined by means of universal testing machine Tira 2850 
(Tira GmbH, Schalkau, Germany). Compressive strength (σ) was evaluated on 733 specimens. 
The test was determined in accordance with standard ČSN 49 0110.

			   (MPa)			    (2)

where:	 F -  the maximum load force (N),
	 a and b -  the cross-sectional dimensions of the specimen (mm). 

Another investigated characteristic is impact bending strength. Charpy’s hammer (CULS, 
Prague, Czech Republic) was used for this determination. The hammer impact direction was 
tangential. The number of test samples used for impact bending strength was 536. Impact 
bending strength (A) was determined in accordance with standard ČSN 49 0117.

			   (J.cm-2) 		  (3)

where:	 Q -  the consumed power to break the specimen (J),
	 a and b - the cross-sectional dimensions of the specimen (cm).

Multi-factor ANOVA tests (Fisher’s F-test) and Duncan’s multiple comparison tests were 
used to evaluate the statistical significance of each factor. The significance level of α = 0.05 was 
used for all statistical analyses. The evaluated factors were the regeneration method and locality. 
The impact of the horizontal position in trunk was also evaluated. 

A linear regression model was used to assess the effect of density on strength characteristics. 
Statistical analyses were performed using program STATISTICA 14 (Statsoft Inc., USA). 

RESULTS AND DISCUSSION

The impact of silvicultural measures on the strength characteristics of wood was investigated 
between the stands where the shelterwood and clear-cutting regeneration methods were applied. 
Both regeneration methods were applied in stands that are close to each other at the same 
forest locality type and can therefore be compared to each other. Wood density, impact bending 
strength and compressive strength reached higher values in all of the renewed localities in 
stands regenerated using the shelter wood method (Figs. 2 and 3, Tab. 5). Although all of the 
examined characteristics are higher for the shelter wood regeneration method, this difference 
is completely irrelevant from a processing point of view. Statistically significant differences 
caused by silvicultural measures were only found in compressive strength at both localities 
(P<0.05). For wood density and impact bending strength, the statistically significant effect of 
silvicultural measures on the properties of wood did not occur (P>0.05), see Tab. 2 - 4. Many 
studies have reported that the natural regeneration of pine stands or stands with a small planting 
span is necessary for the production of wood with high wood mass quality (Agestam et al. 1998, 
Herman  1962, Ekö and Agestam 1994, Auty and Achim 2008). Zobel and van Buijtenen (1989) 
conducted a study in which they worked with Scots pine spacing of 0.75 x 0.75 m to 3.00 x 3.00 m. 
They found that trees with a higher planting span had reduced wood density. Furthermore, an 
increased proportion of juvenile wood was recorded in sparsely planted pines. Persson (1975) 
found the same results in Norway spruce as Zobel and van Buijtenen (1989) found in Scots pine. 
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Agestam et al. (1998) states that the greater spacing of planted trees leads to lower quality of 
produced wood compared to naturally renewed stands.

Fig. 2: Impact of regeneration method on wood density.

Tab. 2: Duncan’s multiple range test for density.

MS = 0.00367 L1 L1 L2 L2
DF = 1264 S C S C

L1 S
L1 C 0.335
L2 S 0.687 0.209
L2 C 0.108 0.444 0.053

* Values are significant at p < 0.05. Error: Between MS = mean squares,
DF = degrees of freedom. L = Locality, S = Shelterwood, C = Clear-cutting.

 	  

		             (a)				    (b)
Fig. 3: Impact of regeneration method on compressive strength (a) and impact bending strength (b).

Tab. 3: Duncan’s multiple range test for compressive strength.
MS = 5,531,000 L1 L1 L2 L2

DF = 729 S C S C
L1 S
L1 C 0.000*
L2 S 0.544 0.000*
L2 C 0.138 0.008* 0.047*

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. 
L = Locality, S = Shelterwood, C = Clear-cutting.



582

WOOD RESEARCH

Tab. 4: Duncan’s multiple range test for impact bending strength.

MS = 5,531,000 L1 L1 L2 L2
DF = 532 S C S C

L1 S
L1 C 0.295
L2 S 0.000* 0.000*
L2 C 0.000* 0.000* 0.317

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom.
L = Locality, S = Shelterwood, C = Clear-cutting.

Tab. 5: Descriptive statistics–comparison of the regeneration method on the investigated properties.

Site Property
Shelterwood Clear-cutting

Mean ± SD Min Max. Mean ± SD Min. Max.

Locality 1

Density (g.cm-3) 0.548 ± 
0.043 0.438 0.699 0.542 ± 

0.052 0.371 0.658

Compressive 
strength (MPa) 49.3 ± 5.7 35 68 44.6 ± 11.1 26 72

Impact bending 
strength (J.cm-2) 4.4 ± 1.3 1.9 7.6 4.1 ± 1.6 1 8.3

Locality 2

Density (g.cm-3) 0.550 ± 
0.052 0.449 0.741 0.537 ± 

0.070 0.381 0.701

Compressive 
strength (MPa) 50.0 ± 6.4 35 63 47.6 ± 7.8 28 64

Impact bending 
strength  (J.cm-2) 3.3 ± 1.2 0.6 7.1 3.0 ± 1.7 0.7 6,9

In terms of processing and final use of wood, it is necessary to be aware of the distribution 
of wood properties over the trunk cross-section, i.e. from the trunk pith to the cambium  
(Fig. 4 and 5). It is very evident that stands regenerated via the clear-cutting regeneration method 
show the lowest strength value in the juvenile wood zone, and the density and strength of the 
wood grows towards the trunk perimeter. This trend is described by many authors (Ivković  
et al. 2013, Nicholls and Brown 1973 and Fritts et al. 1991). In contrast, stands regenerated via the 
shelterwood method show higher values of the investigated properties in the centre of the trunk 
compared to the clear-cutting method. As mentioned above, Zobel and van Buijtenen (1989) have 
found an increasing proportion of juvenile wood in the trunk with increasing spacing between 
growing trees, thus explaining the higher values of properties in the centre of the trunk for stands 
regenerated via the shelterwood method. Furthermore, stands regenerated via the shelterwood 
method at both localities show a uniform distribution of properties along stem radius, regardless 
of the position in the trunk.
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Fig. 4: Impact of regeneration method on the density distribution in the trunk in the radial direction.

 	  

		           (a)				                  (b)
Fig. 5: Impact of regeneration method on the distribution of compressive strength (a) and impact bending 
strength (b) in the trunk in the radial direction.

The different method of distributing properties in the horizontal direction is due to the 
effect of the applied methods on the course of widths of annual rings in this direction. Fig.  5 
clearly shows that stands regeneration via the clear-cutting renewal method at all localities have 
the widest annual rings in the area closest to the pith. With increasing distance from the pith, 
the width of the annual rings is presented by a downward trend. In contrast, stands regenerated 
via the shelterwood method show low annual growth in the centre of the trunk, and after the 
release of the maternal stand, the annual ring width suddenly increases. The course of annual 
rings widths of individual stands is very much related to the resulting properties, which are in 
strong correlation to each other (Kask 2015, Raiskila et al. 2006b) and, to some extent, explain 
the horizontal course of strength characteristics.

Fig. 6: Layout of annual ring width depending on the applied method.
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Since wood density is seen as one of the most important indicators of wood quality, it is 
important to be aware of the relationship between mechanical properties and wood density. 
The strongest correlation was found in impact bending strength for stands regeneration via the 
clear-cutting method (R = 0.70) at Locality 1 and is shown in Fig. 7. The stand regenerated via 
the shelter wood regeneration method shows the highest correlation in compressive strength  
(R = 0.68) at Locality 2 (Tab. 6). 

 
Fig. 7: Dependence of compressive strength on density.

Tab. 6: Dependence of strength characteristics on wood density.

Site Forest stand Property Equation R

Locality 1
Shelterwood

Compressive strength y = 17.9446 + 57.7923*x 0.43
Impact bending strength y = 2.1885+3.9928*x 0.13

Clear-cutting
Compressive strength y = -8.4779 + 100.8647*x 0.48
Impact bending strength y = -10.0338 + 25.0891*x 0.70

Locality 2
Shelterwood

Compressive strength y = 1.3905 + 89.8576*x 0.68
Impact bending strength y = -0.0277 + 5.8747*x 0.26

Clear-cutting
Compressive strength y = -0.505 + 92.8486*x 0.68
Impact bending strength y= -3.4923 + 11.855*x 0.53

The average density and strength characteristics are shown in Tab. 7. By comparing these 
results with literature, we can state that in the majority of cases, slightly lower mean compressive 
strength values were achieved than those specified in certain literature. Locality 1 shows impact 
bending strength values comparable to literature. On the other hand, somewhat lower impact 
bending strength values were achieved at locality 2. With regard to density, the results obtained 
oscillate around the mean value that it indicates (Novák 1970). 

Tab. 7: Comparison of Scots pine wood values to literature.
Density
 (g.cm-3)

Compressive 
strength (MPa)

Impact bending 
strength (J.cm-2)

This 
study

Locality 1
Shelterwood 0.548 49.3 4.4
Clear-cutting 0.542 44.6 4.1

Locality 2
Shelterwood 0.550 50.0 3.3
Clear-cutting 0.537 47.6 3.0

Wagenführ (2002) 0.510 55.0 4.0
Novák (1970) 0.540 55.0 4.0
Požgaj et al. (1997) - 49.9 4.6
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CONCLUSIONS

1.	 The significant impact of the shelterwood method regeneration was reflected in the uniform 
distribution of properties over the trunk radius, regardless of position. Compared to the 
clear-cutting method, which produces wood with significant trunk width variability, the 
wood produced via the shelterwood method is quite homogeneous.

2.	 A statistically significant difference was only found in the case of compressive strength. The 
difference in wood density and impact bending strength was not significantly confirmed at 
any of the investigated localities. The slight differences found in the mechanical properties 
are almost negligible and insignificant in terms of practical application.

3.	 The dependence of strength characteristics on density was found in most cases to be higher 
in compressive strength, regardless of the type of stand regeneration. The highest value,  
R = 0.7, was found at the stand regenerated via the clear-cutting method at Locality 1. From 
these results it can be stated that density can be used to predict the strength properties of 
wood.

4.	 The density values are comparable to the density values found in the Czech Republic. 
Compressive strength achieves somewhat lower values than those specified in literature. As 
these are young stands, it can be assumed that with increasing age, strength characteristics 
will increase as well.
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