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Abstract: Background and Objectives: The aim of this study was to determine the effects of different
stand densities on wood density (WD), global modulus of elasticity (MOE), and bending strength
(MOR) in 35-year-old Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst)
stands, representing the hemiboreal forest zone. Materials and Methods: Scots pine and Norway
spruce sites, representing different stand densities of 3000-3100; 2000-2100 and 1000-1100 trees per
hectare, were chosen. Visually healthy model pine and spruce trees were selected, and diameter at
breast height (DBH) was measured for model trees; the competition index was calculated; the MOE
and MOR were evaluated by the Standards EN 408:2006 and EN 384:2016, at 12% moisture content;
WD and the knot diameter were measured; and the strength class of wood was determined by the
Standard EN 338:2009. To predict wood quality characteristics based on stand and tree characteristics,
linear regression models were developed. Results and Conclusions: Higher stand density led to a
significant change in the main wood properties of both conifer species. The highest mean WD, MOE,
and MOR were obtained at the sites with the highest stand density. The MOE and MOR were highly
correlated, but relatively weak correlations were found between MOE and MOR with tree DBH and
WD. Despite the lower quality of Scots pine wood, the Norway spruce wood from more dense sites
corresponded to the strength class of C16, according the strength grading of softwoods. The linear
regression models did not perform well in describing the relationship of wood properties with stand
and tree characteristics. The models for MOR accounted for the highest variation of 62-65% for both
Scots pine and Norway spruce. These relationships can be expected to change with increased stand
age or with the inclusion of specific crown parameters.

Keywords: stand density; wood density; global modulus of elasticity; bending strength;
strength classes

1. Introduction

The constantly changing influence of soil conditions, moisture, and growing space affect trees
and therefore induce a considerable variation in wood physical and mechanical properties. Several
silvicultural operations and forest management practices, including plant spacing and thinning, can
increase tree biomass production while improving tree wood quality [1-3]. The competition for
availability of sunlight, water, and nutrients between trees should be mentioned as one of the basic
effects in a forest [4]. Below the optimal threshold, narrower spacing between trees can reduce the
volume growth of each tree and increase tree mortality due to excessive intraspecific competition [5-8].

Forests 2020, 11, 587; doi:10.3390/f11050587 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-6733-5302
http://dx.doi.org/10.3390/f11050587
http://www.mdpi.com/journal/forests
https://www.mdpi.com/1999-4907/11/5/587?type=check_update&version=2

Forests 2020, 11, 587 2 of 15

In forestry, this competition effect is inevitably related to the initial stand density, i.e., tree number per
hectare at planting, and thinning intensity at different stand ages.

Influenced by different growth conditions, climate, tree developmental stage, and silvicultural
treatments, wood density is one of the most important and first assessed species-specific parameter
of wood quality. The wood density correlates with some wood mechanical properties such as the
wood dynamic bending strength (MOR), flexibility, and stiffness, indicated by the global modulus of
elasticity (MOE) [9,10]. However, earlier studies concluded that different thinning intensities had little
or no impact on the wood density of the remaining Scots pine [11-13] and Norway spruce trees [14,15],
mainly dependent on environmental factors (soil, climate, location, altitude, etc.).

For wood quality management, the effect of tree growth features is as important as the appropriate
application of various silvicultural operations in the stand, i.e., selection of appropriate tree density
at thinnings throughout the whole stand growth period. It is known that a high competition index
indicates a negative impact on tree diameter [16]. Tree diameter at breast height (DBH) correlates well
with wood density, and the wood density has a high correlation with the latewood percentage [17].
Therefore, it can be hypothesized that forest management practices that regulate spacing between trees
act as a tool for wood quality improvement.

Other important parameters for determining wood quality are MOE and MOR [18,19]. It is well
known that for softwood species, the MOE and MOR correlate with the basic wood properties, such as
wood density (WD), annual ring width, and the proportion of latewood [20,21]. The predictions of
MOE and MOR for Scots pine and Norway spruce were created using wood density, ring width, and
age as predictors in France and Finland [22].

Following earlier studies, the identification of wood properties that can increase timber
quality is important, and therefore, the best forest management options to improve wood quality
should be selected [19,23]. Studies on the relationships of Scots pine and Norway spruce wood
properties with stand characteristics under different growing conditions—stand density and thinning
intensity—showed that wood quality was affected by different initial spacing [24-27]. For end-use
applications, the wood theoretically is graded to the strength classes based on the MOE, MOR, and
WD [28].

In Lithuania, Scots pine and Norway spruce are the most important conifer species, both
economically and ecologically. Very limited studies, however, have reported the wood properties of
these tree species. The MOE and MOR values are tested by different methods (dynamic and static) and
different devices (MTG; Metriguard; 4-point bending; long span) [29], and the dynamic MOE of small
Scots pine logs is modelled by log parameters [30].

The aim of this study was to examine the effects of stand density on wood quality, mainly
wood density, modulus of elasticity, and bending strength, in Scots pine (Pinus sylvestris L.) and
Norway spruce (Picea abies (L.) H. Karst) stands. We also developed models to predict wood quality
characteristics based on stand and tree characteristics.

2. Material and Methods

2.1. Study Site

This study on wood properties was conducted in Lithuania, situated on the eastern coast of
the Baltic Sea between latitudes 53°54"-56°27" N and longitudes 20°56'-26°51" E. The total land area
is 65.200 km?. Lithuania belongs to the temperate climate zone, and its climate is characterized as
transitional between the mild Western European and continental Eastern European climates [31].
The average air temperature was 6.9 °C, and the mean annual precipitation was 695 mm during the
period of 1981-2010.

Lithuania represents the southern part of the hemiboreal forest zone, situated in a natural
convergence zone between boreal and nemoral forests. Forests cover 2.2 million ha, which corresponds
to 33.5% of the land area [32]. Coniferous stands prevail in Lithuania, covering 55.6% of the forested
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area. Scots pine (Pinus sylvestris L.) stands cover 34.6%, and Norway spruce (Picea abies (L.) H. Karst.)
covers 20.9% of the forested area.

2.2. Study Plots and Field Measurements

The sites for this study were selected in a long-term experimental area, which was initially
established by the Lithuanian Forest Institute in 1990 [33]. The areas of Scots pine and Norway spruce
were ploughed in rows every 2 m before planting. Plantations were established in 1982 by manually
planting one-year-old pine seedlings in rows every 0.5 m (10,000 seedlings ha~!), and two-year-old
spruce seedlings in rows every 1 m (5000 seedlings ha™!). The research in this experimental area was
initiated during the first early thinning when planted trees reached the age of 8-9 ears; the last thinning
is planned when the trees will reach the age of 50 years.

For this study, Scots pine and Norway spruce sites, representing different stand densities of
3000-3100; 2000-2100, and 1000-1100 trees per hectare at an early age (hereafter, stand density), and
different thinning regimes were chosen (Table 1). Up to 2015, the plots with the highest stand density
(3000-3100 trees ha~! at 8-9 years of age) were thinned three times (at the age of 8-9, 15, and 21 years),
the plots with a moderate density of 2000-2100 trees ha~!— two times (at the age of 8-9 and 15 years),
and the plots with the lowest density of 1000-1100 trees ha~! were thinned only once (at the age of
8-9 years). Stand thinnings were performed by removing the worst-growing trees. While thinning the
plots, tree branches were left in the forest.

Table 1. Characteristics of the study plots chosen within the long-term experimental area established in
1990-1992 [33]. The characteristics given in the table include stand thinnings during the experiment of
the full planned duration.

Stand Stand Stand Stand Stand Stand Stand Stand Stand Stand
Tree Age?, Density P, Age, Density, Age, Density, Age, Density, Age, Density,
Species Years Trees ha-1 Years Trees ha1 Years Trees ha~1 Years Trees ha-1 Years Trees ha-1
1st Thinning 2nd Thinning 3rd Thinning 4th Thinning 5th Thinning
Scots 8 3000 15 1900 21 1200 35 900 50 650
ine 8 2000 15 1200 - - 35 900 50 650
P 8 1000 - - - N 35 800 50 650
Norwa 9 3100 15 1900 21 1200 35 1000 50 650
sprucey 9 2100 15 1200 - - 35 900 50 650
9 1100 - - - - 35 900 50 650

2 Stand age at thinning: 8-9-year-old stands were thinned for the first time to initiate the experiment, while
50-year-old stands will be thinned for the last time; for the study presented in this paper, trees were sampled during
the 4th thinning, i.e., the effect of the first three thinnings on wood properties was evaluated. b Number of trees in
one hectare left after each thinning.

For the evaluation of wood properties, twelve to thirteen 35-year-old Scots pine and Norway
spruce trees were sampled in each of three stand density trials during the 4th thinning in 2015. In total,
39 Scots pine and 37 Norway spruce model trees were selected. All model trees were visually healthy,
without damage caused by diseases or insects.

The forest site type for Scots pine stands was an oligotrophic mineral soil of a normal moisture
regime, and for Norway spruce stands—mesoeutrophic mineral soil of a normal moisture regime,
according to the Lithuanian classification of forest site types [34]. The soil in Scots pine and Norway
spruce stands is classified as Hapli—Calcaric Arenosol and Hapli-Mollic Planosol, respectively, according
to the World Reference Base for Soil Resources 2014 [35].

To provide basic information on the mineral nutrient saturation in soil, the mineral soil from
the humus-accumulative horizon (Ap) was sampled. Three composite samples were combined from
10 subsamples collected systematically in each sample plot (the distance between the sampling points
was at least 5 m). Soil chemical analyses were performed by standard analytical methods: pHcacp2 by
ISO 10390, total nitrogen by ISO 11261, total potassium, phosphorus, calcium and magnesium with
an inductively coupled plasma optical emission spectroscopy (ICP-OES), and organic carbon with
an elemental analyser LECO CNS 2000 (St. Joseph, MI, USA). The trends in the total soil nutrient
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content in stands were similar and mostly represented nutrient-poor soils. The nutrient stocks were
largely concentrated in Ap horizons with carbon concentrations lower than 20 g kg~! and nitrogen
concentrations lower than 3 g kg™!, with potassium concentrations lower than 120 mg kg~!, but with
different availability of phosphorus, i.e., 53 mg kg™! and 131 mg kg~! in Scots pine and Norway spruce
stands, respectively.

2.3. Sampling and Analysis of Wood Properties

As mentioned in the previous section, the selected 35-year-old pine and spruce model trees were
sampled during the 4th thinning in 2015 (see Table 1). In this paper, stand density after the 1st thinning
was used as a baseline indicator to describe the sites with different stand densities. The effect of stand
density on the main wood properties was evaluated.

Before sampling of the model trees, tree diameter at breast height (DBH) was measured. The DBH
of the model trees selected for this study was 15.2-25.7 cm for pine trees and 16.4-23.0 cm for spruce
trees. The obtained DBH values were used to calculate the competition index (CI) [36]. This Hegyi CI,
widely used to quantify competition degree among trees in the forest stands, was calculated as follows:

N D,
1= _— 1
¢ Z‘j:1 D; XLij ™

here, i—the target tree, j—the competing tree j, D;/—the DBH of the target tree, D;—the DBH of the
competing tree j, L;j—the distance between the target tree i and competing tree j, N—the number of
competing trees.

All trees at a distance of 1-2.8 m from the model trees were included to calculate the Hegyi CI.

Logs 3 meters long were cut from each model tree: in total, 39 pine logs with a mean DBH of
15.2-25.7 cm, and 37 spruce logs with a mean DBH of 16.4-23 cm were cut. To prepare the wood
samples (hereafter, samples) the logs were cut following this scheme: first, starting from the tree base,
two logs 1-1.1 meters long were cut, and, second, the samples were prepared according to the scheme
in Figure 1. In total, 275 samples were prepared for pine and 310 samples were prepared for spruce.

5cm  5cm

~5cm 5cm

uo g

(e

wo g

Figure 1. Schematic drawing of the sample preparation: approximately 4 to 8 samples were prepared
from each log, depending on log diameter.

In the laboratory, all prepared samples (dimensions 50 x 50 x 1000/1100 with average moisture
content of 10%) were tested with a Bending Testing Machine 500 kN (FORM+TEST Seidner&Co. GmbH).
The tests were done following the methodology given in Standard EN 408:2006 [37]. The samples were
tested in four-point bending test. The global modulus of elasticity (MOE) and bending strength (MOR)
were evaluated and calculated at 12% moisture content according to Standard EN: 384:2016 [38].

For the determination of wood density (WD), the samples were cut near the breakage point
immediately after the bending test. The moisture content was determined by the oven dry method
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according to Standard EN: 13183-1:2002 [39]. The WD was calculated based on the mass/volume ratio.
The values at 12% moisture content were calculated according to Standard EN 384:2016 [38]. In cases
where the breakage point went through a knot, the knot diameter at a base (K) was measured.

The theoretical strength class of each wood sample group was determined based on the limiting
values according to the European standard EN: 338:2009 [40]. EN 338 lists a convenient set of bending
strength classes for softwoods (C-grades) and a set for hardwoods (D-grades). In this study, the wood
sample group was assigned to the appropriate strength class if the characteristic values of MOE, as
well MOR and WD (both are the 5th-percentiles), matched or exceeded the values of the desired class.

2.4. Data Analysis

The obtained data were analysed using the statistical package SAS 9.4 (SAS Institute Inc., NC,
USA). To determine the significant differences between the sites with different stand densities, ANOVA
followed by Duncan’s multiple range test was used. Different letters next to the mean values show
statistically significant differences at p < 0.05 between the sites.

The MOE and MOR were modelled using SAS general linear models. The model for MOE was
created including the following parameters: stand density (SD), sample height in the tree (LH), DBH,
CI, WD, and K. The model for MOR additionally included the MOE parameter. All parameters in the
models were chosen as random effects.

For the prediction of MOR and MOE based on the stand and tree characteristics, the following
equations were developed:

MOE = ag + a;1SD + a,LH + a3DBH a4CI + asK + agWD + ¢ 2)

MOR = bg + b1SD + b,LH + b3DBH + bsCI + bsK + bgWD + byMOE + ¢ 3)

here, ag, bp—are intercepts; aj,by, ... xn—parameter estimates; SD—stand density; LH—log height;
DBH—diameter at breast height; CI—competition index between trees; K—knot diameter; WD—wood
density; MOE—global modulus of elasticity in static bending; MOR—modulus of rupture in static
bending; e—error terms.

For the best result, the linear models were improved by eliminating non-significant parameters at
p <0.05.

3. Results

3.1. Wood Properties at the Sites of Different Stand Densities

The mean values of the knot diameter (K), wood density (WD), global modulus of elasticity
(MOE), and bending strength (MOR) of Scots pine and Norway spruce at each site with a different
density are summarized in Table 2. Mean tree diameters at breast height (DBH) varied in a range
from 17.87 + 0.15 cm to 19.51 + 0.31 cm for Scots pine and from 17.86 + 0.85 cm to 18.95 + 0.18 cm
for Norway spruce. The competition index (CI) was slightly higher for Scots pine growing under the
lower stand density, but no effect of stand density on CI was obtained for Norway spruce.

For pine, the mean values of the K parameter showed larger variability between the sites of
different stand densities and were higher than for spruce (Table 2). No effect of stand density on the
mean K parameter was found for either species.
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Table 2. Main characteristics, i.e., tree diameter at breast height (DBH), competition index between
trees (CI), knot diameter (K), wood density (WD), global modulus of elasticity (MOE), and bending
strength (MOR) of model Scots pine and Norway spruce trees at sites with different stand densities.

Stand Den_51ty, Variable Mean Std Dev Std Error Minimum Maximum
Trees ha~1
Scots pine
DBH, cm 18.18 091 0.1 16.7 19.6
CI 1.28 0.36 0.04 0.28 1.87
1000 K, mm 18.93 8.71 1.18 6 40
WD, kg m™3 425.7 55.3 6.03 284.29 676.77
MOE, N mm ™2 5352.28 1219.97 133.11 2308.25 8540.63
MOR, N mm~2 20.81 6.99 0.76 8.79 40.28
DBH, cm 19.51 3.11 0.31 15.1 25.7
CI 1.15 0.54 0.05 0.32 2.07
2000 K, mm 21.68 8.4 0.95 7 43
WD, kg m~3 435.1 41.57 4.16 363.21 558.01
MOE, N mm2 6232.88 1530.02 153 3853.42 10,877.55
MOR, N mm~2 22.16 8.23 0.82 7.4 48.32
DBH, cm 17.87 1.42 0.15 15.2 20.6
CI 1.19 0.46 0.05 0.63 1.98
3000 K, mm 17.66 7.53 0.96 4 38
WD, kg m3 446.62 45.48 4.77 355.4 554.49
MOE, N mm2 6300.82 1208.11 126.64 3425.82 9933.33
MOR, N mm~2 24.33 8.12 0.85 11.21 489
Norway spruce
DBH, cm 18.95 1.91 0.18 16.7 23
CI 1.07 0.46 0.04 0.43 2.16
1100 K, mm 14.27 4 0.41 4 34
WD, kg m3 408.04 41.77 3.88 315.12 541.99
MOE, N mm™2 7592.13 1630.79 151.41 4387.81 14,136.29
MOR, N mm~2 28.75 8.92 0.83 10.81 55.66
DBH, cm 17.86 0.85 0.09 16.50 19.70
CI 1.47 0.52 0.05 0.69 2.19
2100 K, mm 13.77 5.19 0.57 2.00 41
WD, kg m~3 420.76 35.73 3.65 299.57 523.02
MOE, N mm™2 8170.18 1410.01 143.91 5350.82 11,903.09
MOR, N mm~2 29.92 8.43 0.86 11.73 54.85
DBH, cm 17.98 0.96 0.1 16.4 19.6
CI 1.33 0.39 0.04 0.75 2.12
3100 K, mm 12.78 3.74 0.39 4 21
WD, kg m~3 430.78 39.94 4.03 357.63 530.34
MOE, N mm™2 8682.9 1882.47 190.16 4993.7 13,355.48
MOR, N mm~2 33.06 10.91 1.1 15.09 59.13

The variation of the WD, MOE, and MOR in relation to the stand density for different tree species
is given in Figure 2. The WD values ranged from 425.7 + 6.0 kg m ™ to 446.6 + 4.8 kg m~3, depending
on the pine stand density, and from 408 + 3.9 kg m ™ to 430.8 + 4.0 kg m >, depending on the spruce
stand density. The highest mean values of WD were obtained at the sites with the highest stand density
of 3000-3100 trees ha~!. The lowest WD at the sites with 1000-1100 trees ha~! differed significantly
with respect to all other conditions both for pine and spruce.

In Figure 2, the variation of the MOE in relation to the number of trees per hectare for different
tree species showed significant (p < 0.05) differences between the sites with the highest stand density
of 3000-3100 trees ha~! and the lowest stand density of 1000-1100 trees ha~!. For Norway spruce,
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significantly different MOE values were found for all sites with different stand densities: the MOE
values decreased with decreasing stand density.

a 500 Stand density, trees ha™
0 1000-1100
475 1 02000-2100
B B3000-3100

450 A AB
B

m

425 A

H >

WD, kg
HH

400

375 1

350
Scots pine Norway spruce

b 10000 T

9000 -

8000 - A -
T
I

7000 B

MOE, N mm’
w

6000 A

FH

5000 A

4000
Scots pine Norway spruce

35 1

30 A

>

25 1 A

MOR, N mm’
>

H

20 A

15 1

10
Scots pine Norway spruce

Figure 2. Mean values of wood density (WD) (a), global modulus of elasticity (MOE) (b), and bending
strength (MOR) (c) at the sites with different stand densities. Bars show the std. error of the mean.
Different capital letters at the top of the columns show statistically significant differences between the
sites at p < 0.05.

The mean MOR values showed a very similar tendency as the MOE values (Table 2; Figure 2).
The highest mean MOR values were obtained in the stands with 3000-3100 trees ha! in comparison to
all other conditions.
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Based on the characteristic values of WD, MOE, and MOR, the wood samples from different
stand density trials were theoretically graded according to the strength classes (Table 3). The wood
samples of Norway spruce from the sites with stand density of 2100-3100 trees ha~! corresponded to
the strength class of C16. For the sites with 1100 trees ha~!, only 5% of the samples would be rejected
in order to meet the requirements for C14. However, the Scots pine did not meet the requirements
for any strength class: approximately 72-89% of the samples would be rejected in order to meet the
requirements for C14.

Table 3. Theoretical strength classes of Scots pine and Norway spruce wood samples at the sites with
different stand densities (EN 338:2009).

Species Stand Density, MOE, MOR 5%, WD 5%, Strength Samples
P Trees ha1 N mm—2 N mm~—2 kgm™3 Class Rejected for C14, %
3000 6418.7 12.9 372.8 R* 72.3%
Scots Pine 2000 6147.4 11.5 372.7 R 78.7%
1000 5352.3 11.6 358 R 89.3%
Norwa 3100 8682.9 16.7 373.5 Cl6 -
Sprucey 2100 8170.2 18 368.7 C16 -
1100 7592.1 13.8 345.8 R 5.2%

* R—samples rejected in order to meet the requirements for the C14 strength class.

3.2. Relationships of Stand and Tree Characteristics with Wood Quality Parameters

The correlation coefficients between stand and tree characteristics with wood quality parameters
for Scots pine and Norway spruce are presented in Tables 4 and 5, respectively. Generally, the stand
and tree characteristics showed various degrees of correlation with the wood quality parameters. Both
MOE and MOR were found to be highly correlated. There were significant relatively weak correlations
between wood properties and most tree characteristics. For example, relatively weak correlations
between MOE and MOR with tree DBH and WD were observed.

Table 4. Correlation coefficients and probability (in the line below) among tree characteristics and
wood quality parameters for the model Scots pine trees, nn = 275.

SD * LH CI DBH K WD MOE MOR
sD 0.016 -0.079 -0.063 -0.067 0.174 0.268 0.177
10.79 0.19 0.30 0.35 <0.05 <0.0001 <0.05
LH 0.016 -0.0003 0.053 0.108 -0.177 0.133 -0.114
0.79 0.99 0.38 0.13 <0.05 <0.05 0.06
I -0.079 -0.0003 -0.350 -0.169 0.017 0.108 0.075
0.19 0.99 <0.0001 <0.05 0.78 0.07 0.21
DBH —-0.063 0.053 —-0.350 0.316 —-0.094 —-0.092 —-0.168
0.30 0.38 <0.0001 <0.0001 0.12 0.13 <0.05
K —-0.067 0.108 -0.169 0.316 0.016 -0.172 —-0.447
0.35 0.13 <0.05 <0.0001 0.82 <0.05 <0.0001
WD 0.174 -0.177 0.017 —-0.094 0.016 0.182 0.207
<0.05 <0.05 0.78 0.12 0.82 <0.05 <0.05
MOE 0.268 0.133 0.108 -0.092 -0.172 0.182 0.716
<0.0001 <0.05 0.07 0.13 <0.05 <0.05 <0.0001
MOR 0.177 -0.114 0.075 —-0.168 —-0.447 0.207 0.716
<0.05 0.06 0.21 <0.05 <0.0001 <0.05 <0.0001

*SD, stand density; LH, log height; DBH, diameter at breast height; K, knot diameter; WD, wood density; MOE,
global modulus of elasticity; MOR, bending strength.
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Table 5. Correlation coefficients and probability (the line below) among tree characteristics and wood
quality parameters for the model Norway spruce trees, n = 310.

SD * LH CI DBH K WD MOE MOR
sD —-0.0009 0.234 -0.287 -0.142 0.234 0.265 0.184
0.99 <0.0001 <0.0001 <0.05 <0.0001 <0.0001 <0.05
LH —-0.0009 0.016 -0.011 0.113 0.103 0.329 0.222
0.99 0.79 0.85 0.07 0.07 <0.0001 <0.0001
I 0.234 0.0155 -0.214 -0.029 -0.087 0.004 0.031
<0.0001 0.79 <0.05 0.64 0.13 0.94 0.59
DBH -0.287 -0.011 -0.214 -0.014 -0.233 -0.225 -0.18
<0.0001 0.85 <0.05 0.82 <0.0001 <0.0001 <0.05
K —-0.142 0.113 -0.029 -0.014 0.03 -0.229 —-0.381
<0.05 0.07 0.64 0.82 0.62 0.0001 <0.0001
WD 0.234 0.103 -0.087 -0.233 0.03 0.402 0.271
<0.0001 0.07 0.13 <0.0001 0.62 <0.0001 <0.0001
MOE 0.265 0.329 0.004 -0.225 -0.229 0.402 0.769
<0.0001 <0.0001 0.94 <0.0001 0.0001 <0.0001 <0.0001
MOR 0.184 0.222 0.031 -0.179 -0.381 0.271 0.769
<0.05 <0.0001 0.59 <0.05 <0.0001 <0.0001 <0.0001

*SD, stand density; LH, log height; DBH, diameter at breast height; K, knot diameter; WD, wood density; MOE,
global modulus of elasticity; MOR, bending strength.

3.3. Modeling Wood Quality Parameters in Relation to Stand and Tree Characteristics

The models determined by the stepwise procedure are given in Table 6. The MOE was predicted
by the stand density (SD), log height (LH), DBH, CI, WD, and K, with an R? value of 0.18 for Scots
pine (model 1) and of 0.38 for Norway spruce (model 5). The MOE, excluding the non-significant
parameters, was best predicted by the SD, LH, K, and WD, with R? =0.17 (Scots pine, model 2) and
R? = 0.38 (Norway spruce, model 6). Regarding the MOR equation, MOE was introduced in addition
to the SD, LH, DBH, CI, K, and WD, and the total amount of variation explained was somewhat higher
than that of the MOE model (R? = 0.62 — 0.65). The best MOR model for Scots pine included LH, K,
and MOE (model 4) and for Norway spruce—K and MOE (model 8).

Table 6. The selected models (p < 0.05 for all parameters) determined by the stepwise procedure to
describe wood quality characteristics of MOE and MOR in relation to stand and tree characteristics (SD,
stand density; LH, log height; DBH, diameter at breast height; K, knot diameter; WD, wood density) in
Scots pine and Norway spruce.

R? Coeficient of

2

Model R Ajusted RMSE Variation
Scots pine

1 MOE = 1817.33 + 0.40SD + 763.61LH + 018 015 1309.95 2233

20.74DBH + 219.73CI — 31.83K + 4.73WD + ¢

o MOE = 2501.66 + 0.385D + 771.52LH - 32.37K + 0.17 016 130651 2997
4.75WD + ¢

MOR =9.14 - 0.0001SD - 2.17LH - 0.12DBH —
3 0.38CI - 0.27K + 0.007WD + 0.003MOE + ¢ 0-62 0.61 4.57 21.78

4> MOR =9.23 - 2.32LH - 0.27K + 0.004MOE + ¢ 0.62 0.62 4.54 21.65
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Table 6. Cont.

R2 Coeficient of
2
Model R Ajusted RMSE Variation

Norway spruce

MOE = 450043 + 0.26SD + 967.7SLH —
5 168.35DBH — 6.95CI — 99.96K + 1432WD + ¢ 038 0.37. 135413 16.82

MOE = 4479.62 + 0.26SD + 967.42LH —
*
6 167.93DBH - 99.97K + 14.34WD + ¢ 0.38 0.37 1351.56 16.79
MOR* = 8.41 - 0.0002SD - 0.43LH — 0.24DBH +
7 0.05CI — 0.47K + 0.001WD + 0.004MOE + ¢ 0.65 0.64 569 19.13

8* MOR = 3.52 - 0.46K + 0,004MOE + ¢ 0.65 0.64 5.65 19

* Models No. 2, 4, 6, and 8 show the improved models obtained after eliminating the non-significant parameters.

More of the variation in MOE and MOR was explained by tree characteristics included in the
models for Norway spruce than in those for Scots pine (Table 5). These models were inadequate in
describing the relationships of MOE and MOR with SD and DBH.

4. Discussion

4.1. Effects of Stand Density on Wood Quality Characteristics

The obtained results demonstrate how the effect of stand density on wood quality can be identified
by measurement of the main wood properties—wood density (WD), global modulus of elasticity
(MOE), and bending strength (MOR). The stand density influences the growth of trees, the productivity
of stands, and the quality of the produced wood [41].

The findings of this study showed that different stand densities caused various responses of
wood quality characteristics of Scots pine and Norway spruce trees. Specifically, the mean values of
WD increased with increasing stand density, and the lowest values were obtained at the sites with
the lowest stand density. Other studies similarly concluded that thinning (decreasing the number of
remaining trees per hectare) decreased WD of Scots pine [11] and Norway spruce [14,15,42]. Most
authors indicated that these changes were a consequence of a higher growth rate. However, studies on
numerous species reported no significant effect or little effect of stand density on WD [23,41-43] or even
an increase [42]. This discrepancy may be attributed to differences in species and geographical location.

There were statistically significant differences in the characteristics of the wood between various
stand densities. A significant effect of stand density on MOE and MOR of Scots pine and Norway spruce
was found, i.e., the lowest MOE and MOR were observed at the lowest stand density. Few studies
are available on the impact of thinning or stand density on MOE or MOR. However, in line with our
results, ambivalent results were observed for MOE and MOR of other species. These wood mechanical
properties significantly decreased in Sitka spruce influenced by early thinning [44] and in Douglas
fir and Norway spruce with thinning [42]. However, in black spruce (Picea mariana), MOE slightly
increased, but no changes of MOR values after thinning were reported [43]. No changes in both the
MOE and MOR of loblolly pine [45] and no decrease in the MOE of Douglas fir [46] with varying
silvicultural intensity were reported. However, both MOE and MOR increased in Sitka spruce [42].
According to Stod et al. [28], the first thinnings provided saw timber with the lowest MOR and MOE,
whereas the material from the second thinnings provided the higher values.

For timber researchers, it is important to understand the key principles and limitations of the
wood strength-grading system. Based on the theoretic strength-class distribution, Norway spruce
wood corresponded to the strength class of C16 at the sites with the highest stand density. However,
Scots pine wood did not reach the requirements of any strength class. Compared with other studies,
about 12% of the samples were rejected for the strength class of C14 and 20% for the strength class
of C16, when testing spruce wood [47]. Similarly, Norway spruce wood met the requirements of
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the strength classes C18 to C22 in both thinned and unthinned stands, while Sitka spruce wood was
classified in the C16 to C18 classes [42].

4.2. Relationships Between Tree Characteristics and Wood Quality Parameters

The correlation analysis showed various degrees of correlation between stand and tree
characteristics and wood quality attributes in Scots pine and Norway spruce. Relationships between
wood quality parameters (MOE, MOR) and tree characteristics (DBH, tree height) were indicated in
previous studies [23,48]. In this paper, both MOE and MOR were highly correlated, but relatively weak
correlations were found between MOE and MOR with tree DBH and WD. According to Jiang et al. [23],
WD is often poorly related to any tree characteristics, which might be explained by the low variation
in WD between trees from various stand densities. The density is lower in fast-growing softwoods
and does not apply to diffuse porous hardwoods. Some mechanical wood properties were negatively
correlated with most of the tree characteristics, indicating that fast growth rate results in poor wood
properties [23,48].

Since relatively poor relationships between stand and tree parameters and wood quality variables
were obtained in this study, the application of selected characteristics for the prediction of wood quality
may be problematic without additional evaluation.

4.3. Modeling Wood Quality Parameters in Relation to Tree Characteristics

It is known that the use of MOE and MOR models enables the industry to assess the quality of
wood products and to predict the bending stiffness and strength values based on tree characteristics.
MOE and MOR are considered to be essential wood properties. For the predictions of MOR, MOE
was selected by the stepwise procedure. In earlier studies, a close relationship of MOE and MOR
was also recorded for many tree species [22,48,49], and MOR can be best estimated from MOE and
tree characteristics [50]. Using linear regression models, attempts were made to determine MOE and
MOR from site and tree indicators. In the study of Lei et al. [48], a stepwise method was applied to
identify the best variables for predicting MOE and MOR based on the stand and tree characteristics
in black spruce. The mentioned study indicated that for the prediction of MOE, stem taper was the
best explanatory variable (R2 = 0.56), followed by tree crown length, DBH, stand density, and tree
crown width. With the exception of stem taper and DBH, the variables positively influenced MOE.
For the prediction of MOR, the MOE was the best explanatory variable, followed by tree DBH and tree
crown length (R? = 0.79). Further studies on black spruce reported that the best MOE model (R? = 0.65)
consisted of three reliable indicators: tree DBH, crown length, and WD [51]. These authors found that
the MOE model was best explained by WD. The MOR model was best described by WD and DBH
(R = 0.68).

Scots pine MOE and MOR were modeled in Finland and France according to three indicators:
WD, ring width, and wood age [22]. The better MOE (R% = 0.72) and MOR (R? = 0.84) models were
determined for Finnish Scots pine than for French Scots pine (R? = 0.52 and R? = 0.42, respectively).
Including only the MOE index in the model, the best MOR models were found (R? = 0.79-0.95). A study
in Finland found that WD had the greatest influence on the modeling of MOE and MOR in Scots pine.
Another important indicator that negatively affected these parameters was the branch thickness [28].
As indicated by Castéra et al., 1996 [50], the effect of knots on wood strength is great, which may partly
explain the relatively low R? value of MOR.

The variations of WD, MOE, and MOR have been analysed using linear mixed models [18]. For the
best model for MOE (R? = 0.80), the authors included four fixed indicators: the indicator property,
calculated from resonance frequencies, and board length; WD at 12% moisture content; ratio of DBH
of the sample trees to the mean DBH of the stand; and relative longitudinal position, calculated as
the proportion of the longitudinal board position to tree height. Similarly, the best model for MOR
consisted of the same fixed effects (R = 0.76).
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For Norway spruce and Scots pine, general linear models were applied to determine the MOE
and MOR based on tree and sample indices [20,21]. Only three random variables were used for MOE
models: WD, mean ring width, and knot area ratio. To determine the MOR, the MOE was included in
the models. The studies showed higher coefficients of determination for pine than for spruce.

In general, the models presented in this paper did not perform very well in describing the
relationship of wood properties with stand and tree characteristics. The relationships found here can
be expected to change with increases in stand age, the accumulation of mature wood or including
specific crown parameters, site, and climate indices. In any case, these models could be an alternative
tool to predict the wood strength from MOE and some stand and tree characteristics, since MOE can be
obtained by various non-destructive testing methods. Further research should therefore be undertaken
to examine the applicability of these findings to more fertile sites and mixed-species stands.

Differences in wood properties occur due to the different genotypes and environments of the
trees, i.e., the soil and climatic conditions, in which the trees grow. When we explain the impact of
forest management on wood properties, one of the explanatory statements is that any changes in tree
growth conditions affect the wood properties [41]. The forest management recommendations assume
that thinning in commercial forests will take place during certain rotation periods. The first thinning
primarily is aimed at improving forest growth and yield in the future. When the trees are removed
during thinning, the wood quality of the removed trees may be lower than that of mature forests.
It can be assumed that this was a limitation of this study because the wood samples were taken from
the trees that were removed during the thinning operations. The findings, presented in this study,
should be also interpreted with caution because the proportion of juvenile wood was not evaluated.
In practice, the proportion of juvenile wood should be minimized due to the specific anatomical
properties (short wood cells, high amount of lignin, low WD, etc.). As noted by Yang and Hazenberg
in 1994, the properties of juvenile and mature wood are also affected differently by different stand
densities [52]. These authors found that the growth rate of juvenile wood was significantly different
when different stand densities were compared.

Considerably more work will need to be done to determine the wood quality in the later stand
development stages, sampling the wood at final felling, and testing the wood sampled from trees of
different Kraft’s classes (social class that corresponds to different positions in the stand structure and
crown development). Furthermore, there is a need for a cost-efficient and end-user oriented study on
wood quality properties in the Baltic region.

5. Conclusions

The aim of the current study was to determine the effects of different stand densities on wood
density (WD), global modulus of elasticity (MOE), and bending strength (MOR) in Scots pine
(Pinus sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst) stands. The results from this study
indicated that higher stand density led to a significant change of the main wood properties for both
conifer species. The highest mean WD, MOE, and MOR were obtained at the sites with the highest
stand density. The MOE and MOR were highly correlated, but relatively weak correlations were found
between MOE and MOR with tree DBH and WD.

Despite the lower quality of Scots pine wood, the Norway spruce wood from more dense
sites corresponded to the strength class of C16 according to EN: 338:2009. The developed linear
regression models to predict wood quality characteristics based on stand and tree characteristics did not
perform very well in describing the relationship of wood properties with stand and tree characteristics.
The models for MOR accounted for the highest variation of 62% and 65% for Scots pine and Norway
spruce, respectively. The relationships can be expected to change with increases in stand age or the
inclusion of specific crown parameters.
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