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» Significant differences (p<0.01) among five stands were found in tree height, stress-wave
velocity of stems, dynamic Young’s modulus of stems and logs, annual ring width, and late-
wood percentage, suggesting that there was geographic variation of mechanical properties
of wood in Larix sibirica (Miinchh.) Ledeb. grown in Mongolia.

*  Dynamic Young’s modulus of logs in L. sibirica trees can be predicted by stress-wave veloc-
ity of stems.

» Stem diameter of L. sibirica naturally grown in Mongolia is closely related to radial growth
at initial stage of growth, especially within the first twenty years.

Abstract

Geographic variations in growth, stress-wave velocity of stem, dynamic Young’s modulus of
stems and logs, annual ring width, latewood percentage and basic density were investigated for
Larix sibirica (Miinchh.) Ledeb. naturally grown in Mongolia. A total of 250 trees with 20 to
30 cm in stem diameter at a height of 1.3 m above ground level were selected from each natural
stand in five different provenances in Mongolia. In addition, five trees in each stand were cut for
measuring dynamic Young’s modulus of stems and logs, annual ring width, latewood percentage
and basic density. Mean values of stress-wave velocity of stems in each stand ranged from 2.92 to
3.41 kms!, and the mean value of five stands was 3.23 km s~!. Mean values of dynamic Young’s
modulus of logs in each stand ranged from 5.17 to 9.72 GPa. A significant correlation (#=0.798,
p<0.01) was found between stress-wave velocity of stems and dynamic Young’s modulus of
logs. Among the five stands, the highest and the lowest values of average annual ring number
were 193 and 44, respectively. Mean values of basic density in five trees within each stand were
examined and ranged from 0.52 to 0.56 g cm3. Significant differences among five stands were
found in tree height, stress-wave velocity of stem, dynamic Young’s modulus of stems and logs,
annual ring width and latewood percentage, suggesting that L. sibirica trees naturally grown in
Mongolia have geographic variations in mechanical properties of wood.
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1 Introduction

The genus Larix consists of about ten species and these species are distributed throughout the
northern hemisphere (Céceres et al. 2018). Wood resources of these species obtained from both
natural stands and plantations have good physical and mechanical properties as well as high decay
resistance (Koizumi et al. 1990, 2003, 2005; Takada et al. 1992; Zhu et al. 2000; Gierlinger et al.
2004; Veniliinen et al. 2006; Ishiguri et al. 2008; Luostarinen 2011; Fukatsu et al. 2015; Neverov
etal. 2017; Caceres et al. 2018). In Mongolia, Larix sibirica (Miinchh.) Ledeb. forests cover more
than 7.2 million hectares, accounting for over 60% of the forested area and about 80% of the wood
stock in the country (Forest Study and Development Center, Ministry of Green Development and
Tourism, Mongolia 2016). Therefore, L. sibirica is considered to be the most important forestry
species in Mongolia as well as European countries.

The geographical variations of Larix species have been investigated for growth character-
istics and wood properties (Toda and Mikami 1976; Park and Fowler 1983; Takada et al. 1992;
Abaimov et al. 2002; Koizumi et al. 2003, 2005; Kuz’mina 2004; Lukkarinen et al. 2009; Batkhuu
et al. 2010; Dulamsuren et al. 2011; Nagamitsu et al. 2014; Fedorkov 2014; Neverov et al. 2017;
Céceres et al. 2018). In wood properties, Caceres et al. (2018) investigated the variation in selected
mechanical properties in 12-year-old trees from 20 different provenances of L. kaempferi (Lamb.)
Carricre planted in Quebec, Canada. They reported that the mechanical properties of wood from all
provenances showed significant differences. Koizumi et al. (2003) also reported that wood density
of L. sibirica significantly differed among five natural stands in South-Central Siberia, Russia.

Several researchers have reported on the nondestructive testing methods for evaluating
Young’s modulus of wood (Sobue 1986; Arima et al. 1993; Takata and Hirakawa 2000; Tsehaye et
al. 2000; Nagao et al. 2003; Carter et al. 2005; Grabianowski et al. 2006; Wang et al. 2007; Wessels
et al. 2011). For example, stress-wave velocity of stems in standing trees is known as one of the
major measurement methods for evaluating mechanical properties of logs or lumber (Ishiguri et
al. 2008). Dynamic Young’s modulus of logs measured by tapping method is also used for evaluat-
ing mechanical properties of lumber (Sobue 1986; Arima et al. 1993; Takata and Hirakawa 2000;
Nagao et al. 2003; Ishiguri et al. 2008).

This study aimed to determine geographic variations of growth characteristics (stem diameter
and tree height), stress-wave velocity of stem, dynamic Young’s modulus of stems and logs, annual
ring width, latewood percentage and basic density of L. sibirica naturally grown in Mongolia.

2 Materials and methods
2.1 Sampling stands

Five natural forests of L. sibirica were selected from five different provenances in Mongolia:
Khentii, Arkhangai, Zavkhan, Khuvsgul, and Selenge. Table 1 shows geographic and climatic
information for the five sampling stands. These five stands are located in the natural distribution
area of L. sibirica. All stands, except for stand Selenge, were pure stands of L. sibirica, while stand
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Table 1. Geographic and climatic information on the sampling stands in the present study.

Provenance Town Latitude, Longitude Above sea  Annual temperature (°C)  Annual precipitation (mm year!)

level (m)  Mean Min. Max. Meaninte- Min. Max.
(Jan.) (Jul.) grated value

Khentii Batshireet 48°51'N, 110°05'E 1214 -1.6 272 192 368 0 (Jan.) 160 (Jul.)
Arkhangai Tsenker 47°22'N, 101°43°'E 1707 0.5 -19.9 17.4 377 0 (Jan.) 150 (Aug.)
Zavkhan  Tosontsengel 48°41'N,98°17°'E 1878 -5.0 -36.1 17.7 242 1 (Feb.) 92 (Aug.)
Khuvsgul  Jargalant 48°31'N, 99°15'E 1827 -1.8  -29.1 183 226 0 (Feb.) 141 (Aug.)
Selenge  Mandal 48°41'N, 106°52°E 1120 02  -272 224 271  0(Mar) 157 (Aug.)

Min., minimum; Max., maximum. Data on annual temperature and precipitation were provided from Information and Research Institute
of Meteorology, Hydrology and Environment, Mongolia. Mean annual temperature was calculated by averaging monthly temperature
obtained from 2012 to 2016. Mean integrated values of precipitation were calculated by integrating monthly precipitation values of
one year (2012 to 2016), and then averaged integrated values of five years.

in Selenge was a mixed stand consisting of L. sibirica and Betula platyphylla Sukaczev. A total
of 250 standing trees (50 trees in each stand) with stem diameters ranging from 20 to 30 cm at a
height of 1.3 m above ground level were selected from the five stands for measuring growth char-
acteristics and stress-wave velocity of stem. In addition, five trees with good stem shape without
any severe damages were selected in each stand for measuring dynamic Young’s modulus of logs,
annual ring width, latewood percentage and basic density.

2.2 Growth characteristics and stress-wave velocity of stem

Stem diameter, tree height, and stress-wave velocity of stem were measured for all the selected
250 trees. Trees with abnormal values of stress-wave velocity in radial direction were omitted to
avoid using trees with decayed stems as samples. Stress-wave propagation time was determined by
using a commercial handheld stress-wave timer (Fakopp Microsecond Timer, Fakopp Enterprise)
according to the method described by Ishiguri et al. (2008). To measure stress-wave velocity for
longitudinal direction, the start and stop sensors were set at 1.5 and 0.5 m above ground respec-
tively. A small hammer was used to hit the start sensor, creating a stress wave. The stress-wave
propagation time was recorded between the start and stop sensors. Six measurements for stress-
wave propagation time were made at same position from each standing tree. The stress-wave
velocity was calculated by dividing the distance between two sensors by the average value of
stress-wave propagation time.

2.3 Dynamic Young’s modulus of stems and logs

Total 25 trees (five trees in each stand) were selected to cut. Before cutting trees, stress-wave
velocity of stems was measured for these 25 selected trees. Dynamic Young’s modulus of stems
(DMOEg) was calculated by the following formula:

DMOE;g (GPa) =pV?2x1073 D

where p is mean values of green density of logs collected from a tree (kg m=3), V is stress-wave
velocity of stem (km s1).

After cutting trees, logs with 2 m length were obtained from 1.3 m above the ground until
the top diameter of each log was less than 14 cm. A total of 111 logs were collected from 25 trees
(five trees in each stand, 3 to 6 logs from a tree). Green weight and dimensions of logs included
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bark were measured by portable electric balance and, diameter tape and tape measure, respectively.
Then, green density of logs was calculated by dividing green weight by green volume calculated
from measured dimensions. Dynamic Young’s modulus of logs was determined by tapping method
(Sobue 1986). The cross end of each log was tapped by a small hammer, and then first resonance
frequency was determined by a handheld fast Fourier transform (FFT) analyzer (AD-3527, A&D)
with an accelerometer (PV-85, Rion) set on the other end of each log. The dynamic Young’s modulus
of the log (DMOE ) was calculated by the following formula:

DMOE;, (GPa) =(2If)’ px10~° 2)

where / is the length of the log (m), f'is the first resonance frequency (Hz), and p is the green
density of the log (kg m3).

2.4 Annual ring width and latewood percentage

In order to measure the annual ring and latewood width, logs of 0.5 m in length were obtained
from 0.8 to 1.3 m above ground level of 25 harvested trees. Radial boards with 30 mm in thickness
(including bark to bark) were obtained from the logs. Then, bark to bark strips 20 mm in thickness
were prepared. The image data (1200 dpi) of the transverse sections of the strips from pith to bark
in one direction were captured by a personal computer with a scanner (GT-9300UF, EPSON). Both
annual ring and latewood width were measured using the software ImageJ (National Institute of
Health, USA).

2.5 Basic density

Disks with 1 cm thickness were obtained at 1.3 m above ground level of 25 harvested trees. Wedge-
shape specimens with 30° center angel were collected from the disk. The wedge-shape specimens
were cut again at 1 cm intervals from pith to bark. Green weight was measured by electronic balance
and green volume was determined by water displacement. Then the cut blocks from the wedge-shape
specimens were oven-dried at 105 °C. Basic density was calculated by dividing oven-dry weight
by green volume. Mean values from pith to bark in a wedge-shape specimen were calculated as
mean values of basic density of a tree.

2.6 Data analysis

All data analysis was conducted by using software (Excel 2016, Microsoft). An analysis of variance
(ANOVA) test was applied to evaluate the differences in measured characteristics within-stands.
To detect among-stand differences in dynamic Young’s modulus of logs, data obtained from 1.3
to 7.3 m above ground level were used, because logs were obtained from these height positions
in all 25 harvested trees. To evaluate radial growth, the relationships were determined between
stem diameter and mean annual ring width of certain positions (mean values of annual ring width
calculated from ‘1Ist to 10th’, “1st to 20th’, ‘1st to 30th’, ‘1st to 40th’, “11st to 20th’, ‘21st to 30th’,
and ‘31st to 40th’ annual ring from pith, respectively).
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Table 2. Growth characteristics and stress-wave velocity of stems in Larix sibirica trees.

Provenance n D (cm) TH (m) SWV (km s!)
Mean SD Mean SD Mean SD
Khentii 50 24.8 2.2 19.7 1.1 3.20 0.31
Arkhangai 50 26.5 2.5 12.2 1.5 2.92 0.19
Zavkhan 50 233 2.2 15.9 1.9 3.27 0.33
Khuvsgul 50 22.7 1.9 15.1 1.7 3.34 0.32
Selenge 50 22.6 2.0 16.2 1.8 3.41 0.40
Mean/total 250 24.0 1.7 15.8 2.7 3.23 0.19
F-value - 136.307 18.210
p-value <0.01 <0.01

n, number of standing trees; D, stem diameter at 1.3 m above ground level; TH, tree height; SWYV,
stress-wave velocity of stems; SD, standard deviation. F' and p-values were obtained by analysis of
variance (ANOVA) test.

3 Results

Table 2 shows the mean values of growth characteristics and stress-wave velocity of stems of
standing trees. The mean values of stem diameter, tree height and stress-wave velocity in a total
of 250 standing trees were 24.0 cm, 15.8 m, and 3.23 km s~!, respectively. Although the stem
diameter was almost the same in all stands, the mean values of tree height and stress-wave
velocity of stems were significantly different among the five stands. Mean tree height ranged
from 12.2 to 19.7 m. The mean stress-wave velocity of stem in five stands was 3.23 km s~! rang-
ing from 2.92 (Arkhangai) to 3.41 km s! (Selenge). A weak significant correlation was found
between stem diameter and stress-wave velocity of stems (r=-0.402, p<0.01) for 250 standing
trees (Fig. 1).

5
—~4r O Khentii
" O Arkhangai
E 3 A Zavkhan
= <> Khuvsgul
% 2 b r=-0402% ¥ Selengs
wvan=250

15 20 25 30 35
Stem diameter (cm)

Fig. 1. Relationship between stem diameter at 1.3 m
above ground level and stress-wave velocity (SWV) of
stems in all standing trees. n, number of trees; r, cor-
relation coefficient; **, p < 0.01.
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Table 3. Dynamic Young’s modulus (GPa) of logs in three height positions of Larix sibirica trees.

Provenance Height position (m) Total
1.3-33 3.3-53 5.3-73

Mean SD Mean SD Mean SD Mean SD
Khentii 8.39 1.50 8.48 0.93 8.11 0.83 8.32 0.19
Arkhangai 5.75 0.75 5.32 0.92 4.43 0.41 5.17 0.67
Zavkhan 7.54 1.74 7.52 1.94 6.99 2.14 7.35 0.31
Khuvsgul 7.54 0.49 7.11 0.65 7.18 0.17 7.28 0.23
Selenge 9.75 0.52 10.16 0.88 10.00 1.40 9.97 0.20
Mean/total 7.79 1.46 7.72 1.78 7.34 2.02 7.62 1.75
F-value 8.359 11.851 13.606 36.118
p-value <0.01 <0.01 <0.01 <0.01

SD, standard deviation. F and p-values were obtained by analysis of variance (ANOVA) test. Number of logs at
each height position of a stand was 5. Mean value of total in each stand was calculated by averaging the values of
15 trees harvested from a stand.

Mean values of dynamic Young’s modulus of logs harvested at three height positions were
7.79,7.72 and 7.34 GPa for 1.3-3.3 m, 3.3-5.3 m, and 5.3-7.3 m of the height positions, respectively
(Table 3). In each stand, the mean values of logs harvested at three height positions ranged from
5.17 to 9.97 GPa. Except for logs from Khuvsgul, dynamic Young’s modulus slightly decreased
from the bottom to the top of the logs, whereas longitudinal variation of dynamic Young’s modulus
of logs from Khuvsgul showed almost constant values toward the top (Fig. 2). The mean values

15
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SD =1.14 GPa SD =0.88 GPa SD =1.64 GPa
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Fig. 2. Longitudinal variations of dynamic Young’s modulus of logs in Larix sibirica in each
stand. SD, standard deviation; n, number of logs. Open circles indicate the data on the individ-
ual logs collected at different height positions of stem from five harvested trees in each stand.
Mean value and standard deviation of all logs (n = 111) were 7.44 and 1.64 GPa, respectively.
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of all logs in each stand varied from 5.17 (Arkhangai) to 9.72 (Selenge) GPa (Fig. 2). The mean
value and standard deviation of 111 logs (from 25 trees 3 to 6 logs in each tree) were 7.44 and
1.64 GPa, respectively.

The growth characteristic, stress-wave velocity, dynamic Young’s modulus of stems, number
of annual ring, annual ring width, latewood percentage and basic density of the harvested trees are
presented in Table 4. The mean values of stem diameter, thee height and stress-wave velocity of
sample trees were almost the same as those in 250 trees (Table 2). The mean values of dynamic
Young’s modulus of stems were vary among stands. The highest and lowest values were found in
Selenge (10.14 GPa) and in Arkhangai (6.72 GPa), respectively. Mean values of dynamic Young’s
modulus of stems were higher than mean values of dynamic Young’s modulus of logs (Fig. 2).
Annual ring numbers of the harvested trees ranged from 44 to 193 (Table 4). The mean values of
annual ring width were 1.55, 2.47, 0.49, 1.86 and 1.74 mm for Khenii, Arkhangai, Zavkhan, Khuvs-
gul and Selenge, respectively. Among the five stands, the highest and the lowest values of average
annual ring number and latewood percentage were found in Zavkhan (193 annual ring number
and 33.2%) and Arkhangai (44 annual ring number and 22.2%), respectively. Mean annual ring
width ranged from 0.49 to 2.47 mm. As shown in Fig. 3, annual ring width increased until around
15th to 20th from pith, and then decreased toward the bark side except for stands in Zavkhan and
Selenge. For stand in Zavkhan, annual ring width showed almost constant values from pith to bark
and for stand in Selenge, annual ring width from pith decreased from the 15th to the 35th annual
ring, and then increased again towards the bark side, respectively.
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Fig. 3. Radial variations of annual ring width for five sample trees in each stand.
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Fig. 4. Radial variations of basic density for five sample trees in each stand.
Open circles indicate the data on the individual trees at 1.3 m above ground
level. Solid lines indicate mean values of five trees.

Mean values of basic density in each stand ranged from 0.52 to 0.56 g cm~3, and the mean
values of five stands was 0.53 g cm™3 (Table 4). As shown in Fig. 4, mean values of basic density
were gradually increased from pith to bark side, and then it showed peak values. After that, it
slightly decreased in all stands except for Khuvsgul. For Khuvsgul, basic density showed almost
constant values from pith to bark.

Correlation coefficients between stem diameter and mean annual ring width between certain
radial positions are shown in the Table 5. Significant correlation coefficients (p<0.01) were found
between stem diameter and mean annual ring width were calculated between mean values of ‘1

Table 5. Relationships between stem diameter and mean annual ring
width between certain radial positions.

Factor 1 Factor 2 r(n=25)

D Mean ARW from 1 to 10 0.602™

Mean ARW from 1 to 20 0.692™

Mean ARW from 1 to 30 0.613"

Mean ARW from 1 to 40 0.557"

Mean ARW 1-10 Mean ARW from 11 to 20 0.629™
Mean ARW from 21 to 30 0.137m

Mean ARW from 31 to 40 0.018ns

r, correlation coefficient; n, number of samples; D, stem diameter; ARW, annual
ring width; ™", p <0.01; ™, p > 0.05.
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Table 6. Correlation coefficients between wood

properties.

Factor 1 Factor 2 r(n=25)
BD SWv —0.140ns
DMOEg —0.202ns

DMOE, 0.087ns
ARW —0.132ns

LWP 0.447"

SWV DMOEg 0.953*"
DMOEL 0.798"*
ARW —0.223ns

LWP 0.323ns

DMOEg DMOE, 0.729*"
ARW —0.002ns

LWP 0.106ms
DMOEL ARW —0.148ns

LWP 0.493"
ARW LWP —0.681""

r, correlation coefficient; n, number of samples; BD, basic
density; SWV, stress-wave velocity of stem, DMOEg,
dynamic Young’s modulus of stem; DMOE;, dynamic
Young’s modulus of log; ARW, annual ring width; LWP,
latewood percentage; **, p < 0.01; ", p <0.05; ™, p > 0.05

to 107, ‘1 to 20°, “1 to 30°, and ‘1 to 40’ annual ring from pith, respectively. Especially within
the twenty years was highly related (r=0.692, p<0.01) with stem diameter. On the other hand,
mean values of ‘1 to 10’ annual ring from pith was significantly correlated with that of ‘11 to
20’ (r=0.629, p<0.01), but not with that from ‘21 to 30’ (»=0.137, p>0.05) or from ‘31 to 40’
(r=0.018, p>0.05), respectively.

Table 6 shows correlation coefficients among wood properties. Latewood percentage was
significantly related to basic density (r=0.447, p<0.05), dynamic Young’s modulus (r=0.493,
p<0.05), and annual ring width (»=-0.681, p<0.01). In addition, significant positive correlations
(r=0.953, p<0.01) and (r=0.798, p<0.01) was also found between stress-wave velocity of stem
and dynamic Young’s modulus of stems, and logs, respectively. On the other hand, dynamic Youngs
modulus of stems was closely related (»=0.729, p<0.01) to dynamic Young’s modulus of logs.

In the present study, mean values of tree height, stress-wave velocity of stem, dynamic
Young’s modulus of stems and logs, annual ring width and latewood percentages differed signifi-
cantly between the five stands, whereas no significant difference among five stands was found in
basic density (Tables 2, 3, and 4).

4 Discussion

4.1 Comparison of measured characteristics with other Larix species

Basic wood properties of Larix species have been reported by many researchers (Koizumi et al.
1990, 2003, 2005; Takada et al. 1992; Takata and Hirakawa 2000; Zhu et al. 2000; Nagao et al.
2003; Karlman et al. 2005; Ishiguri et al. 2008; Luostarinen 2011; Fukatsu et al. 2015; Neverov

et al. 2017; Caceres et al. 2018). Although tree age was different, stress-wave velocity values in
L. sibirica (Table 2) were similar or lower to those in L. kaempferi (Ishiguri et al. 2008; Fukatsu

10
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et al. 2015). In L. kaempferi, Nagao et al. (2003) reported that dynamic Young’s modulus ranged
from 7.15 to 12.93 GPa for 18 logs from four 63-year-old trees. Koizumi et al. (2003) determined
dynamic Young’s modulus of 50 logs with 2 m length from 40 to 80-year-old L. sibirica trees,
ranging from 7.6 to 10.3 GPa. Mean values of dynamic Young’s modulus of logs obtained in this
study (Table 3) similar to those L. sibirica naturally grown in Russia (Koizumi et al. 2003), but
relatively lower than those in L. kaempferi (Nagao et al. 2003; Ishiguri et al. 2008).

Karlman et al. (2005) were investigated annual ring width and latewood percentage in five
different Larix species. They reported that mean values of annual ring width and latewood percent-
age were 1.08 mm and 39% for 150-year-old L. sibirica and 1.00 mm and 39% for 120-year-old
L. sukaczewii Dylis naturally grown in Russia, 1.92 and 42% for 106-year-old L. decidua Mill.
and 3.29 mm and 34% for 35-year-old L. decidua, 3.94 mm and 29% for 35-year-old L. kaemp-
feri planted grown in Sweden, respectively. The results of annual ring width in the present study
(Table 4) were similar to those of L. sibirica naturally grown in Russia (Koizumi et al. 2003; Karl-
man et al. 2005) and were much lower than that for L. decidua and L. kaempferi planted in Sweden,
respectively. The mean value of latewood percentage of L. sibirica in the present study (Table 4)
was also lower than the results from other researchers (Karlman et al. 2005; Luostarinen 2011).

Mean wood density determined by X-ray densitometry in the young trees was 0.54 g cm™
for L. decidua and, 0.45 g cm3 for L. kaempferi, respectively (Karlman et al. 2005). In L. sibirica
planted in Finland, mean wood density within a ring in mature heartwood (12% moisture content)
determined by X-ray microdensitometry ranged from 0.45 to 0.46 g cm3 at three different heights
(Luostarinen 2011). Although measurement method is different, the results obtained in the present
study (Table 4) were lower than those of L. sibirica studied by Koizumi et al. (2003) and Karlman
et al. (2005), and higher than L. sibirica planted in Finland (Luostarinen 2011). However, mean
basic density values obtained in this study (Table 4) were similar to L. kaempferi trees from 23
provenances in Japan (Koizumi et al. 2005).

4.2 Relationships among measured characteristics

It has been reported that no or weak significant correlations were found between stem diameter and
stress-wave velocity or Young’s modulus of stems in softwoods, including Larix species. (Koizumi
et al. 1990; Carter et al. 2005; Ishiguri et al. 2008). The correlation observed in L. sibirica trees in
the present study (Fig. 1) was the same as that found in previous studies of L. kaempferi.

Significant correlations were found between dynamic Young’s modulus of stems and logs,
and stress-wave velocity of stems (Table 6). It has been reported that a significant positive correla-
tion was found between stress-wave velocity of stems and dynamic Young’s modulus of logs in
many softwood species, including Larix species (Tsehaye et al. 2000; Nagao et al. 2003; Carter et
al. 2005; Wang et al. 2007). Based on the results, it is suggested that dynamic Young’s modulus of
logs in L. sibirica can be predicted by stress-wave velocity of stems. Loustarinen (2011) reported
that a negative, strong correlations found between the annual ring width and wood density, while
no significant correlation observed between annual ring width and latewood percentage at the
butt of L. sibirica trees planted in Finland. In the present study, a negative correlation was found
between annual ring width and latewood percentage, whereas no correlation was found between
annual ring width and basic density (Table 6).

As shown in Table 5, the values of annual ring width in early stage of tree growth closely
relates to stem diameter of L. sibirica, suggesting that radial growth in L. sibirica at the initial
stage of growth, especially within the first twenty years, is closely related to stem diameter. It is
also possible that trees with faster radial growth rates at the initial stage of growth do not always
show faster radial growth rates at the later stage of growth.
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4.3 Geographic variation of wood properties

It is known that geographical variations are found in growth characteristics and wood properties in
Larix species (Toda and Mikami 1976; Park and Fowler 1983; Takada et al. 1992; Koizumi et al.
2003, 2005; Lukkarinen et al. 2009; Batkhuu et al. 2010; Nagamitsu et al. 2014; Fedorkov 2014;
Neverov et al. 2017; Caceres et al. 2018). Takada et al. (1992) reported that among-geographic
variations in modulus of elasticity of stems were recognized in L. kaempferi trees planted in
provenance-trial stand in Japan. Similar among-geographic variations in L. kaempferi were also
found in the mechanical properties of wood (Koizumi et al. 2005; Caceres et al. 2018). In the
present study, as shown in Tables 2, 3 and 4, significant differences in tree height, stress-wave
velocity of stem, dynamic Young’s modulus of stems and logs, annual ring width and latewood
percentage were found among stands, suggesting that L. sibirica trees naturally grown in Mongo-
lia have geographic variations in the mechanical properties of their wood. On the other hand, no
significant difference was found in basic density among five stands, because the relatively larger
standard deviation value was found in Khentii (Table 4). Therefore, further research is needed for
clarifying the large deviation of basic density values in Khentii.

5 Conclusions

Geographical variations of growth characteristics, stress-wave velocity of stem, dynamic Young’s
modulus, annual ring width, latewood percentage, and basic density were investigated for L. sibirica
naturally grown at five different stands in Mongolia. Significant differences among five stands
were found in all measured characteristics, except for basic density. Stress-wave velocity of stem
was significantly correlated with dynamic Young’s modulus of logs in L. sibirica, suggesting that
nondestructive stress-wave techniques are considered as useful methods in future wood utilization
and tree breeding programs for this species. Based on the results, it is considered that L. sibirica
trees naturally grown in Mongolia have geographic variations in the mechanical properties of their
wood, suggesting that selection of trees with superior wood property could offer the potential for
establishing plantation in Mongolia by conducting suitable tree breeding programs.
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