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The study investigated the wood mechanical properties of black alder [Alnus
glutinosa (L.) Gaertn ], a widely distributed deciduous tree in Europe valued for its
suitability in silviculture and wood industry applications. The aim was to compare
these properties among selected half-sib families and assess the relationship
between wood hardness and other characteristics. Experimental plantations of
black alder progenies from Lithuanian populations were established in different
forest regions in 1998. The study analyzed various parameters for different
genetic families, including tree diameter, height, wood hardness, moisture
content, wood density, and mechanical properties. The findings revealed
significant variability in wood properties among half-sib families, highlighting
a strong genetic influence. Although the static modulus of elasticity showed
no notable difference across families, other properties showed significant
variations. Furthermore, the analysis identified weak correlations between wood
hardness and other mechanical properties like density, modulus of elasticity,
and bending strength. This suggests that wood hardness may not reliably
indicate wood quality for industrial applications. Consequently, the study
recommends considering alternative non-destructive properties, such as the
dynamic modulus of elasticity, in future genetic studies of black alder for more
accurate assessments of wood quality.

bending strength, modulus of elasticity, wood density, genetic influence, vertical
variation, wood hardness

1 Introduction

Black alder [Alnus glutinosa (L.) Gaertn.] is a rapidly growing deciduous tree
commonly distributed throughout Europe. Recognized for its diverse silviculture and
wood industry applications, it is significantly important as a forest species. Black alder
is valued for its wood, which has various mechanical properties that make it suitable
for diverse construction, furniture-making, and woodworking applications. Black alder
stands with extended rotations have the potential to yield high-quality logs and wood
suitable for the wood and furniture industries. Conversely, in short-rotation scenarios,
specialized plantations may be better suited for biomass production (Krstini¢, 1994).
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Black alder is a fast-growing species and consists of 8%
of the total forest area in Lithuania (State Forest Service, 2021). . g ’Fg
Together with gray alder (Alnus incana L. Moench), black alder h = =S
comprises approximately 14% of the total forest area in Lithuania E 3 E 35 é
(State Forest Service, 2021). Understanding the genetic traits of § % f: 4 o :f::
black alder is essential for effective conservation, management, and = § g *g ;3:: g
breeding programs aimed at improving various characteristics such = #8 | ~a&
as growth rate, disease resistance, and adaptation to environmental
stressors. Black alder exhibits ecological plasticity and can adapt to
diverse environmental conditions. Genetic studies have indicated ® N 5
that black alder populations have adapted locally, with certain DS g g
. . . : . s C =1 =]
genotypes performing well in specific habitats (Savolainen et al., E*E g g
2007; Lefevre et al., 2014). Understanding the genetic basis of local C_) 8 g g
adaptation is crucial for conservation efforts and forest management
practices, particularly in the face of climate change. For example,
Marron et al. (2018) conducted quantitative trait loci (QTL) analysis
to identify genomic regions associated with traits such as wood 5 . _
density, fiber length, and tree height. These findings contribute T
in developing marker-assisted selection strategies for breeding é
programs to improve wood quality and productivity. Studies in )
Lithuania showed significant variations in the growth traits and bud
flushing of progenies among localities with different environments E
reflected in substantial effects of the site conditions, indicating high 3 o S
phenotypic plasticity of black alder populations and families and E -
high adaptation to climate change (Pliura and Kundrotas, 2002). <
The main parameters used for measuring wood quality in
the industry are wood density, modulus of elasticity (MOE), and §
bending strength (MOR) (Hoibo etal., 2014; Ruso etal., 2019). B E N -
o I, ) ) -y 2 R 3
Density is an essential indicator of wood quality and is closely 4 5 o .
related to its mechanical properties (Machado et al., 2014; Moreno- g % ° o
Fernandez et al., 2018). Black alder wood typically has a density 2 |
range of approximately 500-650 kgm™> (Kollmann and Coté Jr, .%
1968). Specific gravity values for black alder wood fall within =
400-600 kg m™* (Esteves and Pereira, 2009; Ross, 2010). Wood é_ - .
hardness is crucial for assessing its resistance to indentation and ; - 2 ; E
wear. Black alder wood is classified as moderately hard, with : "g g
Janka hardness values ranging from 2,500 to 3,000 N (Esteves and i 2=
Pereira, 2009; Ross, 2010). The modulus of elasticity reflects the é
stiffness of wood and its ability to withstand deformation under E 2
load. Previous studies suggested that the modulus of elasticity S g - -
of black alder wood falls within the range of 8-12 GPa (Esteves ? < = z
and Pereira, 2009; Eckelman and Hoadley, 2019). The mechanical _Z:'
properties of black alder wood can be significantly influenced by & >
the moisture content (Maloney, 1996). As the moisture content g o
increases, the wood’s strength and stiffness tend to decrease due E g § §
to the reduction in intermolecular bonds. Therefore, proper drying §. % - -
and moisture control are essential for maintaining the desired 5 S
mechanical properties of black alder wood. E 4
Studies emphasized that more focus is needed to 5
research mechanical properties, especially how they change % g
in relation to the surrounding environment—in which £ © e © g 5
different types of wood materials are preserved—and the ] © 5§ 98 B _;5
methodological approach (Bartolucci et al.,, 2020). Recent studies .§ § = §E § 3
have enhanced the understanding of the tree’s genetic basis of 'g g% § {':3 § § é
key traits such as disease resistance, wood quality, and growth g nolscl ¥4 3
characteristics. This knowledge can be wused to strengthen -
breeding programs and conservation efforts for sustaining Ig _ -
black alder populations and enhancing their resilience to =

Frontiers in Materials 02 frontiersin.org


https://doi.org/10.3389/fmats.2024.1425107
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

10.3389/fmats.2024.1425107

Silinskas et al.

(a8ed Surmorjoj ay) uo panunuo))

400Vagd 61°0 €e'T 98°CC 68 OAWSINMTIO LT0 €5l 99°1¢C €76
10DvVagd €0 L1 €8'7C L0T OYNSNINMTdO €70 €9'T S9'1C L9
10DvVagd 120 [0 €8°7C €06 OINSNINTIO 120 8T’ €91 pII
d0OVHAIH 91'0 90'T 87T 906 OANWSNINIO ST0 €L1 95'1T 611
J0DVHAIH 61°0 L¥'1 6L7TC 54 OINWSNINIO 670 [ S yel
A0DIHAGH ¥T0 €L1 79'TT 98 OAWSNINAIO 61°0 9T'T 6¥'1T L8
JODIHA(A ST0 69'1 €5°TC 706 OAMSNINAIO €€°0 761 1T L11
AODTHM(A ¥T0 w1 8¥°CC 126 OAMSNINAIO 4] 9’1 St 6L
JODIHMI(TH ST0 91 9'TT 801 OIMSNLALO 670 86'1 wic 9zI
JODIHMI(TH (44} w1 9%¥'TT 621 OAMSNLAJO €70 91 W1z €8
ADDTHMI(T ¥T0 L9°1 (444 8L OIMSNLAd ST0 S9'1 LETT L6
JODIHMI(TH LT0 6¥'1 ¥'TT 926 OIMSNILAd $T0 So'l [ 481
ANDTHMI( T €0 vLT €€7TT VL OAMSNLA TT0 L91 (4t 16
ANDIHAN(TH 91'0 STl 7€ 9¢1 AMSNLA 970 L9 €1e €6
ANDIHMI( T 970 iaa [oxad 616 AMSOLA €0 88'T 6T'1C SL
ANDTHNM (T 4} STT LTTT 9L AMSOLA 870 9.1 LT1T el
ANDIHNM(TIO 120 ST ¥ 8zl MSOLA ¥T0 LE'T 61°1C ¥8
ANDIHNM(TO 870 951 €TTT 74 MSOLA TT0 61 8I'1C 79
ANDIHNM(TO 97°0 (74 [qaad LL MNOLA 120 (451 90'1¢C LE1
ANDIHNM([TdO ¥T0 €5°T 81°TC €01 MNA (44} 951 78°0T 08
OJINDIHNM(TdO ST0 1 91'Ce o1t MA €0 L1 69°0C 54
OAWOTHNM[TdO 61°0 71 91'TT 431 M 120 91 $9°0T €€l

G 1S9} 1S9}
abues-a1dinnw abues-a1dninw

ueoung pI0MF PIS | $TASQ 'PIS | 2 UApolid jouealy T ON Ajlweq  ueoung Joa3'PIS | ‘A@ 'PIS | UuApojid jo ues|y  "ON Ajiweq

'G0°0 > d 19A9) Juedyiubis e e s3sa) abued
-91dijInw uesung YAONY Aq saniwey 213auab ay3 UsaMIaq 3dUIa4IP JURDYIUBIS 3Y) UeSW WY S1913) Jeyided Jualaylq ‘ssaupiey poom Aq saniwey 213auUab Japje yoe|q Jo uonnqusiq 2 379v.L

frontiersin.org

03

Frontiers in Materials


https://doi.org/10.3389/fmats.2024.1425107
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Silinskas et al.

test_5
EBDACF

multiple-range

EBDAC

BDAC

BAC

BAC

BAC

BA

0.23

0.21

0.24

0.23

0.18

0.19

0.14

0.17

null

1.29

Std. Dev._3 Std. Error_4

1.36

1.46

1.28

1.32

1.33

1.07

1.12

null

2300

Mean of Pilodyn_2

23.07

23.11

23.17

23.17

232

23.36

23.57

null

920

F|I
o
P4
=
£
©
(N

907

135

120

901

911

905

902

null

Duncan
test

multiple-range
OPLJKNTSMRQ

OPLJKNTISMRQ

OPLJKNTISMRQ

OPLJKNTISMRQ

OPLJKNTISMRQ

OPLJKNTISMRQ

OPLJKNHISMRQ

OPLJKNHIGMRQ

OPLJKNHIGMRQ

1

0.2

0.25

0.2

0.26

0.26

0.23

0.18

0.2

0.28

1.45

Std. Dev. Std. Error

1.85

1.31

1.58

1.55

1.47

1.32

1.34

1.71

21.77

Mean of Pilodyn

21.78

21.8

21.83

21.86

219

21.98

22.05

22.05

127

Family No.

TABLE 2 (Continued) Distribution of black alder genetic families by wood hardness. Different capital letters A-W mean the significant difference between the genetic families by ANOVA Duncan multiple-

range tests at a significant level p < 0.05.

116

123

104

71

65

61

131

130

Frontiers in Materials

10.3389/fmats.2024.1425107

environmental challenges. The hypothesis of this study is
that different genetic families have significant differences in
wood properties.

The aim of this study was to compare the wood mechanical
properties between selected half-sib families of black alder and
evaluate the relationship between wood hardness and other wood
mechanical properties.

2 Materials and methods

For this study, experimental plantations of the progenies of
Lithuanian populations (half-sib families) of black alder from
different regions of origin were selected (Table 1).

Experimental plantations were established in different
Lithuanian forest natural regions (falling in two different regions
of origin of black alder) in the Kaunas and Siauliai units of the
State Forest Enterprise in 1998. To establish these plantations, seeds
were collected from 17 black alder populations from 5 to 6 selected
trees and other trees selected randomly from each population, with
a total of 52 maternal trees. Seeds were sown in the greenhouse
in 1 m? plots in the spring of 1997. Each of the 17 populations
in the experimental plantations was represented by 5-6 progeny
families. The experiment design included four blocks, and trees of
each family were planted in one row of 10 trees located randomly
within the limits of the block. The seedlings were planted across the
prepared soil in rows every 2-2.5 m, with seedlings planted in the
rows every 1.5 m.

All trees in the experimental objects were measured with a
Pilodyn 6] device to determine the wood hardness of standing trees.
Wood hardness is a representative trait for wood quality in genetic
plasticity studies. Phenotypic plasticity was evaluated by the Shukla
(1972) method and by calculating the ecovalences of the families and
their statistical significance.

The number of measured trees per family per test was calculated
to determine the average number of trees per family. The adjusted
sum of mean squares of a feature was calculated for each family
using the SAS procedure MEANS. The total sum of mean squares
was calculated as well. The Shukla ecovalence coefficient is calculated
according to Equation 1:

shukla = (ngy, * (N —1) * ss—sss)
/((nsite - 1) * (nfam - 1) * (nfam - 2))

(1)

Here, ng,;, is the number of families, ss is the sum of mean
squares of the trait, sss is the total sum of mean squares of the trait,

and n... is the number of tests.

site

For the differences in wood mechanical properties, four
representative half-sib families were selected based on the wood
hardness trait of standing trees. The genetic families with at
least 30 remaining standing trees were selected. The variance
analysis ANOVA Duncan multiple-range test was performed
for all selected families to ensure the significant differences
between the hardest and the softest families. The value of
wood hardness measured with the Pilodyn 6] device for the
black alder genetic half-sib families of standing trees is given
in Table 2.
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FIGURE 1
Model trees sampling scheme.

FIGURE 2
Wood hardness measurement scheme on log samples.

For this study, genetic families were selected according to the
following scheme: the families with the lowest and highest average
wood hardness were taken as representatives of the hardest and
softest wood, and the families with the lowest and highest plasticity
according to the Shukla ecovalence coefficient corresponded to non-
plastic and plastic families.

The genetic families 902 and 133 were selected as the hardest
and the softest wood representatives, respectively, and the genetic
families 93 and 134 were selected as the representatives of the
non-plastic and plastic families, respectively. From each of the
selected genetic families, three model trees were chosen, cut, and
transported to the Open Access Joint Research Centre of Agriculture
and Forestry wood quality and processing technologies laboratory.
Altogether, 24 trees were sampled, 12 in Kaunas and 12 in Siauliai
experimental areas. The stems of the model trees were divided
into 3-m logs along the stem height. Three to four representative
sections were taken from each model tree to determine wood
mechanical properties. In the laboratory, 3-m logs were divided into
1-m sections, as shown in Figure 1.

For the 1-m sections, the wood hardness was measured with a
Pilodyn 6] device at three points (Figure 2).

From alllogs, 50 x 50 x 1,000-mm wood samples were prepared,
for a total of 506 samples. The wood hardness (Figure 3A), dynamic
modulus of elasticity (MOEdyn) (Figure 3B), static modulus of
elasticity (MOE), and bending strength (MOR) were measured for
the wood samples.

The wood hardness measurement for wood samples was
performed with a Pilodyn 6] device. The sound propagation
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speed was measured by ARBOTOM 3D acoustic tomography. The
MOEdyn was measured by multiplying wood density and sound
propagation speed according to Equation 2:

MOEdyn = V*p. )

Here, MOEdyn is the dynamic modulus of elasticity (N mm™2),
p is wood density (kg m™®), and V is the wave propagation speed
(ms™h).

In the laboratory, all prepared samples were tested with a
Bending Testing Machine 500 kN (FORM + TEST Seidner & Co.
GmbH). The tests were conducted following the methodology given
in Standard EN 408 (2006). The samples were tested in a four-point
bending test. MOE and MOR were evaluated and calculated at 12%
moisture content according to Standard EN 384 (2016). The MOE
was calculated according to Equation 3:

a\3
)-(3)]

(

Here, F,-F, is an increment of load on the straight-line portion
of the load deformation curve, 0.2 Fmax (F2) and 0.4 Fmax (F1),
N; w2-wl is the increment of deformation corresponding to F,-F,

P(E,-F))
bl (wy — w,)

3a

MOE —
41

3)

mm; 1 is the span, mm; a is the distance between a loading position
and the nearest support, mm; b is the width of the cross section, mm;
and h is the depth of the cross section, mm.

A random wood sample was cut from each broken specimen
to determine the wood density. The wood density was determined
according to Equation 4:

(4)

Here, p , is the wood density, kg m™; m,, is the mass of the
sample, kg; a,, b, are the cross-section dimensions of the sample,
m; and /,, is the length of the sample, m.

To determine wood density, the samples were cut near the
breakage point immediately after the bending test. The moisture
content was determined by the oven-dry method according to
Standard EN 13183-1 (2002). The wood density was calculated based
on the mass/volume ratio. The values at 12% moisture content were
calculated according to Standard EN 384 (2016).

The statistical analysis of the ANOVA Duncan multiple-range
test was used to determine differences between genetic families and
between different sections of the stem. Pearson correlations were
performed between tree parameters and measured wood properties
with the SAS 9.4. statistical program.
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FIGURE 3

Scheme for the wood hardness test (A) and wood propagation speed measurement by ARBOTOM 3D (B).

3 Results

The mean values of the tree diameter at breast height (DBH), tree
height, log wood hardness, sample wood hardness, wood moisture,
wood density, MOEdyn, MOE, and MOR of selected black alder
trees of different genetic families are summarized in Table 3. The
mean tree DBH of model trees varied in a range from 16.62 cm
(family with soft wood) to 18.47 cm (family with hard wood). The
mean tree height of model trees ranged from 14.64 m to 16.58 m; the
highest tree was found in the hard wood genetic family (18.80 m),
and the lowest tree was in the non-plastic genetic family (9.30 m).
The mean log hardness slightly varied from 19.26 mm to 22.38 mm
between the genetic families.

The variation in the sample hardness, moisture content, wood
density, MOEdyn, MOE, and MOR in the genetic families is given in
Figure 3. The highest sample hardness was found in hard wood and
non-plastic families (15.25 mm), while the lowest value was found
in the genetic family with soft wood (7.75 mm). The mean values of
sample hardness were comparable in all genetic families and varied
from 9.52 mm to 10.92 mm. The samples’ mean wood moisture
was 9.50%. The mean wood density ranged between 470 and
529 kg m™>. The differences in mean MOEdyn between the genetic
families were small and varied from 9,344 N mm™ (non-plastic)
to 10,209 N mm™2 (soft). The highest mean MOR values were in
the soft wood family, and the lowest mean values were in the non-
plastic family, with an 8% difference between these genetic families.
The mean MOR ranged from 10,916 N mm~2 to 11,386 N mm™>
between the genetic families. The ANOVA results for different
wood parameters for black alder genetic families are shown
in Figure 4.

The mean log hardness had a significant difference between
all genetic families, and the difference between soft and hard
wood families was 14% (Figure 4). For the sample hardness,
ANOVA showed differences between the soft wood family and
other families. The lowest MOEdyn was obtained in the non-
plastic genetic family with significant differences from other
families. However, the MOEdyn parameter did not significantly
differ between the hard wood, soft wood, and plastic genetic
families. The highest mean wood density was in the soft
wood genetic family, and the lowest was in the non-plastic
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genetic family (Figure 4). Genetic families representing hardwood
and plastic families had no significant difference in wood density.
The difference between the highest and the lowest mean wood
density was 11%.

The mean MOE was not significantly different between the
hard wood, soft wood, and plastic genetic families (Figure 4).
However, the non-plastic family for MOE significantly differed
from the other genetic families. The MOR showed a significant
difference between the non-plastic genetic family and the
remaining families. We can exclude the soft genetic family with
the hardest wood, the highest wood density, and the highest mean
values of MOEdyn, MOE, and MOR from the different wood
parameters.

Combining the data on the selected genetic families,
the differences in wood parameters in stem parts I-IV
were assessed (Figure5). The mean loghardness showed a
decreasing trend from the tree base (part I) to the tree top (part
IV). The hardest wood was found in the top part of the stem. For
the sample hardness, ANOVA showed no significant difference
between the mean values in different stem parts. The MOEdyn
in part I of the stem showed significantly lower values than the
remaining parts. The highest mean wood density was found in
the top part (IV) of the stem, and the lowest was in the bottom
part (I). For the MOE and MOR, the lowest mean values were in
part IV of the stem and significantly differed from that of other
stem parts.

To compare the relations between tree and wood parameters, the
Pearson correlations were calculated (Table 4).

The strongest correlation was between the MOE and MOR
(r 0.92). The MOE and MOR moderately correlated with
the MOEdyn and showed r
The wood density strongly correlated with the sample hardness
(r -0.60) and loghardness (r —0.60). The correlation
between sample hardness and log hardness was r = 0.49. The
tree height correlation with sample hardness (r 0.36) was
stronger than that with loghardness (r = 0.25). The tree DBH
had opposite correlations between log hardness (r = 0.32) and

0.35 and r = 0.29, respectively.

sample hardness (r = 0.16) compared with tree height, despite
a moderate correlation between tree DBH and tree height
(r=0.45).
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TABLE 3 Summary statistics for the main parameters in the selected genetic families of black alder.

Parameter® Unit ’ Mean Std dev ’ Std error Minimum Maximum Probability

Genetic family with hard wood

Tree DBH cm 18.47 2.48 0.20 12.80 20.90
Tree height m 16.58 2.69 0.21 9.80 18.80
Log hardness mm 22.38 1.31 0.10 18.67 24.67
Sample hardness mm 10.80 1.07 0.08 8.25 15.25
Moisture % 9.70 0.83 0.07 7.54 11.22 <0.0001
Density kgm™ 479 27.45 2.18 432 570
MOEdyn N mm™ 9,893 1,338.55 106.15 6,076 15,637
MOR N mm™ 38.03 8.26 0.66 18.26 60.05
MOE N mm™ 6,752 2,091.67 165.88 3,416 11,801

Non-plastic genetic family

Tree DBH cm 17.75 2.14 0.19 14.65 20.80
Tree height m 16.36 2.92 0.26 9.30 18.80
Log hardness mm 21.83 1.44 0.13 17.67 24.33
Sample hardness mm 10.92 1.12 0.10 8.25 15.25
Moisture % 9.75 0.64 0.06 8.00 10.95 <0.0001
Density kgm™ 470 25.16 221 413 548
MOEdyn N mm™ 9,344 1,089.12 95.89 6,487 12,359
MOR N mm™ 36.18 7.47 0.66 20.34 59.30
MOE N mm™ 6,080 1,877.79 165.33 3,228 11,036

Plastic genetic family

Tree DBH cm 16.83 1.62 0.15 12.65 18.90
Tree height m 15.56 2.75 0.25 9.70 18.40
Log hardness mm 21.32 1.49 0.13 17.67 24.33
Sample hardness mm 10.67 0.97 0.09 8.25 14.00
Moisture % 9.57 0.82 0.07 7.15 10.85 <0.0001
Density kg m™ 482 26.69 2.40 433 570
MOEdyn N mm™ 9,883 1,493.84 134.15 5,583.11 13,371.32
MOR N mm™ 38.64 9.33 0.84 16.88 59.76
MOE N mm™? 6,794 2,303.79 206.89 2,950 12,798

Genetic family with soft wood

Tree DBH cm 16.62 1.26 0.13 13.40 18.30

<0.0001
Tree height m 14.64 2.11 0.22 11.60 18.00

(Continued on the following page)
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TABLE 3 (Continued) Summary statistics for the main parameters in the selected genetic families of black alder.

Parameter? i Mean Std dev ‘ Std error Minimum Maximum Probability
Log hardness mm 19.26 1.45 0.15 14.50 22.67

Sample hardness mm 9.52 0.91 0.09 7.75 12.75

Moisture % 8.97 1.04 0.11 7.18 10.92

Density kg m™ 529 25.76 2.66 479 624 <0.0001
MOEdyn N mm? 10,209 1,454.50 150.02 5,451 12,975

MOR N mm? 39.33 7.97 0.82 2127 59.53

MOE N mm? 7,157 1,866.32 192.50 3,488 12,818

“Note: DBH is tree diameter at breast height, MOEdyn is the dynamic modulus of elasticity, MOE is the static modulus of elasticity, and MOR is the bending strength.
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5000 30
Hard Non-plastic Plastic Hard Non-plastic Plastic Soft
FIGURE 4
Differences in the main wood parameters between the selected genetic families (representatives of the hardest [hard] and softest [soft] wood and the
lowest [non-plastic] and highest [plastic] plasticity families according to the Shukla ecovalence coefficient). Different capital letters A, B, C, and D show
significant differences between the families by ANOVA Duncan multiple-range test at a significant level, p < 0.05. Note: MOEdyn is the dynamic
modulus of elasticity, MOE is the static modulus of elasticity, and MOR is the bending strength.
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FIGURE 5
Differences in the main wood parameters at -1V stem parts. Each part consists of 3-m-long logs (I: bottom log, IV: top log). Different capital letters A,
B, C, and D show significant differences between the families by the ANOVA Duncan multiple-range test at a significant level, p < 0.05. Note: MOEdyn
is the dynamic modulus of elasticity, MOE is the static modulus of elasticity, and MOR is the bending strength.

4 Discussion

The results demonstrated tree genetic effect on black alder
wood quality measurement of the main wood properties—wood
density, sample and log hardness, dynamic and static modulus of
elasticity, and bending strength. Different half-sib families caused
various responses to the wood quality characteristics of black
alder trees. Studies in Croatia and the Czech Republic showed
different mean black alder wood densities in different stands:
549 kgm™ in Croatia stands and 469 kgm™ in Czech Republic
stands (Milch et al., 2016). Another study carried out in Ireland
showed that black alder logs had a mean wood density of 489 kg m™
(Llana et al., 2020). The Latvian study compared wood density
values between different tree parts and found that the wood density
was highest in the branches and the lowest in the root system,
while the mean stem wood density was 403 kg m™ (Liepins et al.,
2023). The mentioned study concluded that the highest wood
density was found in the top of black alder trees. The results
from our study were relatively comparable with those found in
the Latvian study. Scientists from Austria found 510 kg m™ mean

Frontiers in Materials

wood density values for black alder (Reiterer etal., 2002). The
study carried out in Turkey showed similar mean wood density
values in different experimental areas, where the mean values
varied from 509 kg m™ to 531 kg m™ (Usta et al., 2014). Another
study, conducted in Turkey, showed specific gravity mean values
of 497 kgm™ for black alder (Malkogoglu and Ozdemir, 2006).
An Estonian study evaluated black alder wood density values at
different stages of wood decay and found the mean density of
422 kg m™ at the early stages of wood decay and 96 kg m™ at the
last stage of decay (Koster et al., 2015). The mean wood density
was 488 kg m™ when measured for the timber products from black
alder as glue laminated timber (Kytka et al., 2022). All these studies
showed variations in black alder wood density values between
400 kg m™ and 550 kgm™, which was similar to the findings
obtained in our study.

In our study, the wood hardness of logs and samples was strongly
correlated with wood density. Other studies demonstrated different
wood hardness of hardwood species, measured with Brinell’s test,
and showed strong correlations between wood density and wood
hardness (r = 0.77-0.9) (Sydor et al., 2022).
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TABLE 4 Relationship between the main wood and tree parameters by Pearson correlations. Bold values mean reliable correlations at a significant level

p <0.05.

Parameter® Log Sample Wood MOEdyn MOR
hardness hardness density

Tree DBH 0.45203 0.3161 0.15858 -0.14088 -0.18144 0.03907 ~0.00243
p<0.05 <.0001 <.0001 0.0003 0.0015 <.0001 0.3805 0.9565
Tree height 0.45203 0.25279 0.36262 -0.33134 0.1014 0.07682 0.09848
p<0.05 <.0001 <.0001 <.0001 <.0001 0.0225 0.0843 0.0268
Log hardness 0.3161 0.25279 0.48809 -0.6021 -0.23517 -0.09156 | —0.13266
p<0.05 <.0001 <.0001 <.0001 <.0001 <.0001 0.0395 0.0028
Sample hardness | 0.15858 0.36262 0.48809 -0.59705 ~0.02983 ~0.07069 | —0.07846
p<0.05 0.0003 <.0001 <.0001 <.0001 0.5031 0.1122 0.0778
Wood density -0.14088 -0.33134 -0.6021 -0.59705 0.14582 0.07611 0.08975
p<0.05 0.0015 <.0001 <.0001 <.0001 0.001 0.0872 0.0436
MOEdyn -0.18144 0.1014 -0.23517 ~0.02983 0.14582 0.28618 | 0.34682
p<0.05 <.0001 0.0225 <.0001 0.5031 0.001 <.0001 <.0001
MOR 0.03907 0.07682 -0.09156 ~0.07069 0.07611 0.28618 0.92449
p<0.05 0.3805 0.0843 0.0395 0.1122 0.0872 <.0001 <.0001
MOE ~0.00243 0.09848 -0.13266 -0.07846 0.08975 0.34682 0.92449
p<0.05 0.9565 0.0268 0.0028 0.0778 0.0436 <.0001 <.0001

“Note: DBH is the diameter at breast height, MOEdyn is the dynamic modulus of elasticity, MOE is the static modulus of elasticity, and MOR is the bending strength.

The variation in the main wood mechanical properties,
such as MOE and MOR, between the studied genetic families
and different stem parts was approximately 10% in this study.
The results of this study show that the mean black alder
wood MOEdyn was 9,832 N mm™, MOE was 6,696 N mm™2,
and MOR was 38 N mm™2. Other studies showed different MOE
and MOR values for black alder wood. For example, Llana et al.
(2020) found a mean MOE of 6,738 N mm™2 and a mean MOR
of 56.81 Nmm™ in Ireland; Milchetal. (2016) found MOE
of 10,600 N mm™ and MOR of 79.9Nmm™ in Croatia, and
MOE of 7,400Nmm™ and MOR of 68.1Nmm™ in Czech
Republic. Kytka et al. (2022) revealed another mean value for black
alder wood in Czech Republic, with MOE of 9,508 N mm~2 and
MOR of 61.5 N mm ™.

The current study identified weak correlations between wood
density and other wood mechanical properties. The strongest
correlation was found between MOE and MOR. The wood
density moderately correlated with MOE (r = 0.44-0.46) and
MOR (r 0.41-0.43) in the previous studies conducted in
Croatia and the Czech Republic (Milch etal,, 2016). Similarly,
the relationship between wood density and MOE was r
0.25-0.45, where MOR was r 0.41-0.48 and with MOEdyn
0.34-0.4 in Turkey (Ustaetal, 2014). The studied

was r
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combination of black alder with beech wood in glue-laminated
timber showed a comparable correlation between wood density
and the MOE (r = 0.45) and a higher correlation between wood
density and the MOR (r = 0.65) (Kytkaetal,, 2022). Usta et al.
(2014) found moderate correlation between MOEdyn and MOE.
Similar moderate correlations between MOEdyn and MOE were
found in the Llana et al. (2020) study.

Correlations could be improved by increasing the number of

model trees and incorporating a more diverse range of sample ages.
The variance in results observed in this study may be attributed to
several limitations, one of which is the restricted selection of model
trees due to their significance in future genetic studies. Therefore,
only specific trees were permitted for use in this study, leading to the
decision to evaluate all parts of the trees for wood parameters. These
findings may be somewhat constrained by the higher proportion
of juvenile wood, potentially affecting wood quality parameters.
However, it should be noted that the same wood sample selection
scheme was applied to evaluate all selected genetic families, allowing
for comparison of results across families. This study represents the
initial findings. Hence, it is rational to incorporate a larger number
of sample trees and include more half-sib families in future studies,
particularly when the next-generation genetic trials for black alder
would be established in Lithuania.
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5 Conclusion

The study findings revealed significant variability in wood
properties among different half-sib families of black alder. Although
the static modulus of elasticity showed no significant difference
across the selected families, other wood properties showed
significant variations, indicating a strong genetic influence on wood
characteristics. The results revealed a consistent decrease in almost
all measured wood properties from the bottom to the top of the
model trees. This vertical variation indicated the importance of
considering the location within the tree when assessing wood
mechanical properties, which may have implications for wood
quality and use.

The analysis highlighted weak correlations between wood
hardness and other mechanical properties such as wood density,
modulus of elasticity, and bending strength. Leading to the
assumption that wood hardness may not be a reliable indicator of
wood quality for industrial wood applications. Therefore, alternative
non-destructive wood properties, such as dynamic modulus of
elasticity, should be considered for inclusion in future genetic studies
of black alder to provide more accurate assessments of wood quality.
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