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Abstract

The establishment of forest plantations in boreal zones in Mongolia is important for wood production as well as carbon
dioxide fixation. The present study aims to elucidate the juvenile wood properties (basic density, modulus of elasticity [MOE],
modulus of rupture [MOR], and compressive strength parallel to grain) of plantation-grown Pinus sylvestris to promote the
establishment of plantations. In addition, the effect of the radial growth rate on wood properties was also evaluated using a
linear mixed-effects model. In the juvenile wood phase, wood properties were increased from the pith to bark side based on the
results of model selections. Up to the 20" annual ring from the pith, the estimated mean values of basic density, MOE, MOR,
and compressive strength were 0.40 g/cm?, 5.35 GPa, 65.1 MPa, and 28.4 MPa, respectively. Variance component ratios of
growth categories were low in wood properties, with the exception of basic density, suggesting that the radial growth rate did
not affect wood properties in the juvenile wood phase in this species growing in Mongolia. Based on the results obtained in
the present study, we have concluded that although basic density in the faster growth category yielded relatively lower values,
appropriate radial growth promotion during the initial stage of growth in P. sylvestris trees planted in Mongolia exerted no
negative impact on juvenile wood properties.
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Introduction more, considering that younger trees have a higher capaci-

Boreal forests cover about 15.7 x 10% hectares and oc-  ty to serve as carbon sinks, the establishment of plantations
cur only in the Northern Hemisphere (Grower et al. 2003).  in this region is also an important factor in combating glob-
They are mainly natural forests consisting of coniferous  al warming (Jorgensen et al. 2021).
species, such as Picea, Abies, and Larix (Grower et al. A faster initial growth rate of trees is crucial for estab-
2003, Farjon 2010). These coniferous species are regard-  lishing plantations in this region. However, a more rapid
ed as valuable timber resources. However, harvesting bo-  initial growth rate also results in an increase in the volume
real forests is challenging because the rate of vegetation of juvenile wood, which is inferior in relation to solid wood
regrowth is slow due to the extremely cold winters and  production (Zobel and van Buijtenen 1989, Ishiguri et al.
infertile soils (Grower et al. 2003). Therefore, one of the 2009, Pollet et al. 2017). Therefore, to produce desirable
alternative means of conducting sustainable forestry in this  high-quality wood from plantations, a balance between
region involves the establishment of plantations. Further-  the initial growth rate and juvenile wood problems should
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be considered. For example, Pollet et al. (2017) proposed
that from a purely mechanical standpoint, juvenile growth
should be minimized or at least maintained at a relatively
low level of about 4 mm/year in Douglas fir (Pseudotsu-
ga menziesii) planted in Belgium. Thus, the relationship
between the initial growth rate and juvenile wood quality
must be examined for plantation trees in the boreal area for
solid wood production.

The southern border between the Siberian bore-
al forests and the Central Asian dry steppes is located in
the northern part of Mongolia (Miihlenberg et al. 2012).
Forestry in Mongolia has mainly relied on natural forest
resources (Tumenjargal et al. 2018, 2020, Sarkhad et al.
2022). Thus, wood properties have mainly been assessed
in coniferous species found in natural forests, such as Lar-
ix sibirica, Pinus sylvestris, Pinus sibirica, Picea obovata,
and others (Ishiguri et al. 2018, Tumenjargal et al. 2018,
2020, Sarkhad et al. 2022). On the other hand, efforts have
also been made to establish plantations in Mongolia (Sukh-
baatar et al. 2020, Ganbaatar et al. 2021). Ganbaatar et al.
(2021) reported the effects of thinning on tree growth and
crown development in P. sylvestris plantations in Mongo-
lia. However, the available information about wood prop-
erties remains limited for planted trees in Mongolia.

The effects of radial growth rate on wood properties
in coniferous species have been discussed by numerous re-
searchers (Zobel and van Buijtenen 1989, Takata et al. 1992,
Zhang 1995, Koga et al. 1996, Zhu et al. 2000, Livingston
et al. 2004, Shirai and Kitahara 2010, Kimura and Fujimoto
2014, McLean et al. 2016, Pollet et al. 2017). For example,
Zhang (1995) pointed out that with increasing growth rate,
the wood mechanical properties in the softwood with gradu-
al transition from earlywood to latewood (Abies and Picea)
decreased significantly, and this, to a lesser extent, applies
to the softwood with an abrupt transition from earlywood
and latewood (Larix and Pinus), and growth rate showed
an appreciably less effect on modulus of elasticity (MOE),
compared to the modulus of rupture (MOR) and compres-
sive strength parallel to the grain. These results suggest that
the magnitude of the effects of radial growth rate on wood
properties depends on the wood species. Thus, the effects
of radial growth rate on juvenile wood properties should
be evaluated for trees growing on a P. sylvestris plantation.

In the present study, juvenile wood properties were ex-
amined to uncover basic information about wood properties
in plantation-grown P. sylvestris trees in Mongolia to pro-
mote the establishment of plantations there. Based on the
results, the effects of the radial growth rate on juvenile wood
properties were also evaluated using mixed-effect models.

Materials and methods

Materials

Sample Pinus sylvestris L. trees were collected from
a plantation located in Selenge, Mongolia (50°05°-12°N,
106°14’-31’E). The plantation was established in 2002
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using two-year-old seedlings with an initial spacing of
4.0 x 1.0 m. The experimental thinning treatment was
conducted in 2016 in half of the area. Detailed informa-
tion about the plantation was reported in a previous paper
(Ganbaatar et al. 2021). In 2020, dominant, medium, and
suppressed trees (three trees in each growth category) were
selected from non-thinned and thinned sites (nine trees in
each site). However, the data obtained from two differ-
ent sites were combined because the annual ring width
of these trees was similar (Table 1). The statistical values
of growth characteristics are listed in Table 2. The logs
(30 cm in length) were collected from 1.3 to 1.6 m above
the ground’s surface. The logs were processed into radial
boards with a thickness of about 30 mm. The radial boards
were used for the following experiments.

Table 1. Effects of thinning treatment on annual ring width in
the sample trees collected from non-thinning and thinning sites

. Mini- Maxi- t-value
Site n Mean SD mum  mum (p-value)
Non-thinning 9 2.6 0.7 1.6 3.6 0.602
Thinning 9 24 07 15 34 (0.556)

Note: n — number of sample trees; SD — standard deviation. The #- and
p-values were obtained by #-test between the non-thinning and thinning
sites.

Table 2. Mean values and standard deviations of growth
characteristics and wood properties the sample trees collected
from non-thinning and thinning sites

Growth category Mean /
Property Dominant Medium Suppressed total
n 6 6 6 18
D (cm) 10.7(0.3) 7.9(05) 53(02) 8.0(2.3)
TH (m) 71(03) 6.1(06) 56(04) 6.3(0.8)
ARW (mm)  3.2(0.3) 24(0.1) 17(02) 25(0.7)
BD (g/cm®) 0.37 (0.02) 0.40 (0.02) 0.41(0.02) 0.39 (0.03)
MOE (GPa) 4.83(0.43) 4.28 (1.12) 4.45(0.78) 4.52(0.81)
MOR (MPa) 55.9(1.7) 57.7(59) 60.5(5.2) 58.0(4.8)
CS(MPa)  25.4(1.3) 26.0(27) 255(1.9) 256 (2.0)

Note: n —number of trees; D — stem diameter at 1.3 m above the ground;
TH —tree height; ARW — annual ring width; BD —basic density; MOE —
modulus of elasticity; MOR — modulus of rupture; CS — compressive
strength parallel to grain. Values in parentheses indicate standard
deviations.

Wood properties

To measure the annual ring width, 1-cm-thick radial
strips with pith were obtained from sample radial boards.
The surface of the strip was sanded. The cross-sectional
images were captured by a scanner (GT-9300UF, EPSON,
Nagano, Japan) with the resolution of 600 dpi. The annual
ring width of each ring was measured using ImageJ pro-
gramme (Rasband 2018).

To measure the basic density, wedge-shaped spec-
imens (30° in centre angle) were prepared from 18 indi-
viduals, and the specimens were then cut at every three
annual rings. The samples were soaked in tap water for
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one week because the samples were dried. The wet volume
was determined using a water displacement method, and
the specimens were then dried at 103°C to determine the
oven-dry weight. Basic density (BD) was determined using
the following formula:
Wo
BD (g/em?®) = —
w
where
Wo is the oven-dry weight, and
V'w is the wet volume.

Bark-to-bark radial boards (with pith, 10 mm in thick-
ness) were prepared of 18 individual trees. The boards were
successively cut at 10 mm intervals from pith to bark side to
prepare the static bending specimens (ca. 10 [R] by 10 [T]
by 160 [L] mm). In addition, the annual ring number at the
centre of transverse section in each specimen was record-
ed as the representative annual ring number from pith of
the specimen. In total, 125 specimens were obtained from
18 boards. The specimens were kept in a desiccator with
saturated sodium chloride solution at 25°C for one month.
A static bending test was conducted by a universal testing
machine (MSC-5/500-2, Tokyo Testing Machine, Tokyo,
Japan). The load was applied to the centre of specimens
with a 140 mm span and a speed of 2 mm/min. The MOE
and MOR were calculated using the following equations:

3 107
4Aybh

MOR (MPa) 3P
a)= 5,
2bh?

MOE (GPa) =

where
AP (N) is the difference in the load between two specific
positions under the proposal limit;
[ represents span (140 mm);
Ay (mm) represents deflection corresponding to AP;
b (mm) is the width of the specimen;
h (mm) is the height of the specimen; and
P (N) is the maximum load.

After the static bending test, small-clear specimens
(ca. 10 [R] by 10[T] by 10[L] mm) were obtained to
determine the moisture content and density when testing
from the specimens without any visual defects. The mean
value and standard deviation of moisture content and den-
sity when testing in bending specimens were 10.2 £ 1.1%
and 0.50 + 0.05 g/cm?, respectively.

Compressive test specimens (ca. 10 [R] by 10 [T] by
40 [L] mm) were obtained from the specimens without any
visual defects after the bending test. The same testing ma-
chine for the static bending test was used for the compres-
sive test. The load was applied at 0.5 mm/min. The size
and weight of the specimens were measured before testing
to determine the density when testing. The compressive
strength parallel to grain (s) was calculated using the fol-
lowing formula: P

m
c (MPa)=—-,
A

where
Pm (N) is the maximum load, and
A (mm?) is the cross-sectional area of the specimen.
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After the tests, the oven-dry weight of the sample
was determined to calculate the moisture content. The
mean values and standard deviations of the compressive
test specimens were 13.6 +0.4% and 0.49 + 0.05 g/cm?,
respectively.

To evaluate the radial variations of MOE, MOR, and
compressive strength, the annual ring number from the pith
located in the centres of the specimens on the cross-section
was recorded in each specimen.

Statistical analysis

Statistical analysis was conducted using R software
environment, version 4.0.3 (R Core Team 2020). To eval-
uate the radial variations of wood properties (basic densi-
ty, MOE, MOR, and compressive strength), the following
mixed-effect models with a random effect of growth cate-
gories were developed by using the Imer function in Ime4
packages and ImerTest packages (Bates et al. 2015) and
the nlme function in the nlme package (Pinheiro and Bates
2000) according to our previous reports (Nezu et al. 2022,
Sarkhad et al. 2022):

Model I-i: y;; = (0 + Growth;)* RN;; + oy +ej; ;
Model I-ii: y;; =g * RN; + oy +Growth; +e;; |

Model II-i: y;; = (B + Growth;)InRN; +B; +e;; ;
Model II-ii: y;; =Bo *InRN;; + By + Growth; +e;; ;

Model IlI-i: y;; = (v +Growth;)RN;; +7, *RN;; +7, +e; ;
Model Il-ii: y; = yORNg +(y1 +Growth;)* RN;; +7v, +e

i
Model IIl-iii: y; =vq * RN +7, * RN; +v, + Growth; +e;; .
In addition, the radial variation of annual ring width

was evaluated based on a logistic formula with the random
effect of growth categories:

Model TV-i: _ gg + Growth; o
Odel IV Yy 1+gpeexp(-&; *RN;;) € >
.. €0
11 .= +e. -
Model IV-1t: Yy = e ¥ Growiy) +exp(-e5 * RN,) >
€0

sy = + e
Model IV-iii: Vjj T+ ey ~exp(-[e; + Growth ]+ RN;) G,

where

vy 1s the measured value of the j-th annual ring of the indi-
vidual tree in the i-th growth category;

0o, O, Po, Pis Yo» Y15 V2, €0, €1, and &, represent fixed-effect
parameters;

Growth; is the random-effect parameter of the i-th growth
category;

RN is the j-th annual ring number from the pith in individ-
ual trees in the i-th growth category; and

e; 1s the residual, respectively.

The optimal model for explaining the radial variation
of the wood property was selected using the Akaike Infor-
mation Criterion (AIC; Akaike 1998). To estimate the ju-
venile wood properties, values of wood properties in every
annual ring from pith to the 20" annual ring were calcu-
lated using fixed-effect parameters in the selected models.
Then, mean values were also calculated.
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To evaluate the effects of radial growth rate on wood
properties, the following linear mixed-effect model was
used (Nezu et al. 2022):

Yij =ntGrowth; te;
where
vy 1s the measured value (mean value of individual tree) of
the j-th individual tree of the i-th growth category;
u is the fixed-effect parameter;
Growth; is the random-effect parameter of the growth cat-
egory i; and
e; 1s the residual.

The variance component ratio of the growth category
(VC.) was calculated using the following equation (Nak-
agawa and Schielzeth 2010, Nezu et al. 2022):

66

Ve. = +9

.=

)

*100,

c e

where
0. 1s the variance component of the growth category, and
0. represents residual variance, respectively.

Results

Table 2 indicates the statistical values of growth char-
acteristics and wood properties. The mean values of wood
properties were 2.5 mm for annual ring width, 0.39 g/cm?
for basic density, 4.52 GPa for MOE, 58.0 MPa for MOR,
and 25.6 MPa for compressive strength parallel to the
grain, respectively.

Radial variations of wood properties are illustrated in
Figure 1. The ideal models for radial variations of juve-
nile wood were logarithmic function with random inter-
cept (Model II-i) for basic density, linear function with
random slope (Model I-i) for MOE, and linear function
with random intercept (Model I-ii) for MOR and com-
pressive strength (Tables 3 and 4). Based on the results
of model selections, all wood properties tested in the
present study increased from the pith to the bark in the
juvenile wood phase (Figure 1). Figure 2 depicts the dis-

Table 3. Comparison of AIC among mixed-effect models for
radial variations of wood properties

Mod- Wood property
el ARW BD MOE MOR CS

I-i - -340.75 392.11 887.43 664.28
-ii - -349.00 394.54 884.20 662.62
1I-i - -350.08 399.26 - 67261
1-ii - -342.25 400.33 - 672.15
1I-i - -328.02 399.78 897.30 672.12
11-ii - - 402.25 893.59 672.04
11-iii - -323.39 404.69 890.46 670.39
IV-i 1162.53 - - - -
1V-ii 1312.68 - - - -
1V-iii 1214.18 - - - -

Note: ARW — annual ring width; BD — basic density; MOE — modulus
of elasticity; MOR — modulus of rupture; CS — compressive strength
parallel to grain; “-” — model failed to converge or model was not
applied. Bold values indicate the minimum AIC values among
developed models.
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Figure 1. Radial variations of wood properties

Note: Number of sample trees = 18. BD —basic density; MOE —modulus
of elasticity; MOR — modulus of rupture; CS — compressive strength
parallel to grain. Regression lines and a regression curve indicate the
formula with only the fixed-effects parameters of the best-fitted models
selected by AIC (Tables 3 and 4).



BALTIC FORESTRY 29(1)

EFFECTS OF RADIAL GROWTH RATE ON JUVENILE WOOD PROPERTIES /.../  GANBAATAR, B. ET AL.

Table 4. Fixed-effect and random-effect parameters in the selected optimal model for radial variations of wood properties

Fixed effect Random effect Estimated mean value
Prop- Selected Param- ) ) ) Sup-
erty model eter  Estimates SE p-value Dominant Medium pressed Mean SD

ARW IV-i € 36.640 4.927 < 0.001 10.485 -0.660 -9.825 1.8 1.1
€1 16.786 1.388 < 0.001
€ 0.359 0.016 <0.001

BD 11-i Bo 0.0M 0.008 0.170 -0.013 0.002 0.010 0.40 0.01
B4 0.372 0.012 < 0.001

MOE I-i Qo 0.263 0.0322 <0.001 0.017 -0.033 0.015 5.35 1.56
a4 2.588 0.2102 <0.001

MOR I-ii o 2.224 0.183 <0.001 -3.612 -0.305 3.917 65.1 13.2
a 41.776 2.758 < 0.001

CSs I-ii o 0.837 0.080 < 0.001 -0.731 0.225 0.506 28.4 5.0
a 19.586 0.818 < 0.001

Note: SE — standard error; SD — standard deviation; ARW —annual ring width; BD —basic density; MOE — modulus of elasticity; MOR — modulus of
rupture; CS — compressive strength parallel to grain. Wood properties values in each annual ring from pith to 20" annual ring were calculated using
the fixed-effect model listed in this Table, and mean values were then calculated.

50
8 fo) 8 O Dominant
o @ o) A Medium
40 - Og
B (o] 6 A [ Suppressed
E o
£ 30| o g
o (o) b — D
£ =
5 o HEH
& o] ]
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Figure 2. Distance from pith in relation to annual g O 5]
ring number from pith 10 = o O
Note: Number of sample trees = 18. A regression curve
indicates the logistic function with only the fixed-effect 0 | 1 1
parameters in the best fitted model selected by AIC 0 5 10 15 20
(model TV-i). Annual ring number from pith
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—— — T — ©  strength parallel to grain; r— correlation coefficient;
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tance from the pith in relation to the annual ring number
from the pith. The radial pattern of distance from pith up
to 15 years from the pith was well fitted on Model IV-i
(Tables 3 and 4).

Basic density was positively correlated with MOR
(r=0.557, p=0.016) (Figure 3). No significant correlations
were found between basic density and other mechanical
properties (Figure 3). Relatively higher correlation coeffi-
cients were found between the mechanical properties of wood
(Figure 3).

The mean values of each growth category are also
presented in Table 2. Growth characteristics (stem di-
ameter and tree height) and annual ring width differed
among the growth categories. A similar pattern was also
found in basic density: dominant trees exhibited rela-
tively lower basic density compared to trees in other
growth categories. However, the mean values of the me-
chanical properties of wood were similar among growth
categories.

The variance component ratios in the linear mixed-ef-
fects model for each property are listed in Table 5. Large
values of variance component ratios for the growth catego-
ry were found for growth characteristics and annual ring
width. In contrast, those values were less than 10%, or the
models failed to converge in wood properties, except for
basic density. The variance component ratio of the growth
category for basic density was 50%.

Table 5. Variance components in linear mixed-effects model for
each property

Variance component (%)

Property Growth category  Residual

Growth characteristic D 98.3 1.7
TH 74.3 25.7

Wood property ARW 92.5 7.5
BD 50.0 50.0

MOE - -

MOR 7.5 92.5

CS - -

Note: D — stem diameter at 1.3 m above the ground; TH — tree height;
ARW — annual ring width; BD — basic density; MOE — modulus of
elasticity; MOR — modulus of rupture; CS— compressive strength
parallel to grain; “-” — model failed to converge.

Discussion

Verkasalo and Leban (2002) reported that mean val-
ues of annual ring width, wood density at 12% moisture
content, MOE, and MOR of juvenile wood in P, sylves-
tris were 2.6 mm, 0.45 g/cm’® (445.2 kg/m®), 9.97 GPa
(9,972 MPa), and 71.1 MPa, respectively, in trees grow-
ing in Finland, and 5.0 mm, 0.50 g/cm?® (504.3 kg/m°),
9.46 GPa (9,458 MPa), and 67.8 MPa respectively, in trees
growing in France. Takahashi et al. (1983) also reported
that the mean values in P. sylvestris imported from Russia
were 1.3 mm for annual ring width, 0.345 g/cm® for ba-
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sic density, 9.41 GPa (96 tonf/cm?) for MOE, 81.7 MPa
(833 kgf/em?) for MOR, and 42.7 MPa (435 kgf/cm?) for
compressive strength, respectively. Sarkhad et al. (2022)
also reported that the basic density, MOE, MOR, and
compressive strength of juvenile wood (wood up to about
20" annual ring from pith) in P. sylvestris trees grown in
a natural forest in Mongolia were 0.37 g/cm?, 7.64 GPa,
69.4 MPa, and 30.5 MPa, respectively. To compare with
previous data, mean values up to the 20" annual ring from
the pith were estimated using obtained fixed-effect models
for radial variations (Table 4). As a result, the mean val-
ues of annual ring width, basic density, MOE, MOR, and
compressive strength were 1.8 mm, 0.40 g/cm?, 5.35 GPa,
65.1 MPa, and 28.4 MPa, respectively (Table 4). Except
for MOE, these estimated values were similar to those
previously obtained in juvenile wood harvested from trees
naturally grown in Mongolia (Sarkhad et al. 2022). Thus,
we conclude that wood obtained from plantation-grown
P. sylvestris is not always of lower quality compared
to wood from natural forests in Mongolia. On the other
hand, radial growth rate (annual ring width), wood den-
sity and bending properties of juvenile wood obtained in
the present study showed lower values than trees growing
in Europe (Verkasalo and Leban 2002). These differenc-
es might be due to differences of genetic source, climatic
conditions, and etc.

Ishiguri et al. (2009) reported that in Cryptomeria
Japonica D. Don, MOE in juvenile wood was affected by
microfibril angle rather than wood density. However, wood
density was highly correlated with MOR in juvenile wood.
In P, sylvestris, the values of correlation of determination
(?) between MOE and wood density at 12% moisture con-
tent were lower in juvenile wood (2 =0.582 in Finland
trees, and 72 = 0.189 in French trees) than in mature wood
(= 0.636 in Finland trees, and 7> = 0.651 in French trees)
(Verkasalo and Leban 2002). A similar result between ba-
sic density and MOE or MOR was obtained in the pres-
ent study (Figure 3). Thus, further research is necessary to
elucidate the relationships between microfibril angle and
the mechanical properties of juvenile wood in P. sylvestris.
On the other hand, correlation coefficients between me-
chanical properties were reported by several researchers
(Pikk and Kask 2004, Tumenjargal et al. 2020, Sarkhad et
al. 2022). Similar results were also obtained in the present
study, suggesting that mechanical properties can be evalu-
ated by other mechanical properties.

Among wood properties except for annual ring width,
the variance component ratio of the growth category was
relatively high for basic density and annual ring width but
low or zero for other wood properties (Table 5), suggest-
ing that mechanical properties of juvenile wood were not
affected by the radial growth rate in P, sylvestris planted
in Mongolia. Still, a faster radial growth rate in domi-
nant trees resulted in producing relatively lower wood
density compared to the medium and suppressed trees.
These phenomena also corresponded to the correlation
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coefficients between growth characteristics and juvenile
wood properties; growth characteristics were negative-
ly correlated with basic density but not with mechanical
properties (Figure 3). However, differences in basic densi-
ty between dominant trees and other trees in the other two
growth categories were not substantial (Table 2). Thus,
we conclude that growth promotion in the early stages of
growth in plantations of this species in Mongolia may not
always produce lower-quality juvenile wood. However, a
faster radial growth rate in Mongolia resulted in producing
relatively lower basic density wood.

Conclusion

The present study aimed to elucidate the juvenile
wood properties in plantation-grown P. sylvestris trees in
Mongolia to promote the establishment of plantations of
this species in Mongolia and boreal areas. Based on the
results of the selection of mixed-effects models, the val-
ues of all wood properties tested in the present study in-
creased from pith to bark in the juvenile wood phase. By
using the best model for radial variation, mean values of
juvenile wood properties (up to the 20" annual ring from
pith) were estimated: annual ring width = 1.8 mm, basic
density = 0.40 g/cm*®, MOE = 5.35 GPa, MOR = 65.1 MPa,
and compressive strength = 28.4 MPa. With a few excep-
tions, these values were similar to those obtained in the
trees grown in natural forests in Mongolia, suggesting that
plantation-grown trees in Mongolia do not always exhibit a
lower quality of wood compared to wood from trees grown
in Mongolian natural forests. Thus, if wood resources of
P sylvestris are mainly produced from plantations rather
than natural forests in Mongolia, the quality of wood from
plantations is almost identical to that from natural forests.
In addition, the results of variance component analysis re-
vealed that wood properties, except for basic density, were
not affected by the radial growth rate in P. sylvestris trees
planted in Mongolia. Even if the variance component ra-
tio of the growth category reached 50%, differences in ba-
sic density between dominant trees and trees in two other
growth categories were not substantial. Based on the results
obtained in the present study, we conclude that appropriate
radial growth promotion in the initial stage of growth in
P sylvestris trees planted in Mongolia exerts no negative
impact on juvenile wood properties.

Acknowledgements

The authors would like to express their sincere
gratitude to Dr. Togtokhbayar Erdene-Ochir, and
Dr. Murzabyek Sarkhad, Mongolian University
Science and Technology, for helping with the laboratory
experiments.

of

39

EFFECTS OF RADIAL GROWTH RATE ON JUVENILE WOOD PROPERTIES /.../  GANBAATAR, B. ET AL.

References

Akaike, H. 1998. Information theory and an extension of the
maximum likelihood principle. In: Parzen, E., Tanabe, K.
and Kitagawa, G. (Eds.) Selected papers of Hirotugu
Akaike. New York: Springer, p. 199-213.

Bates, D., Michler, M., Bolker, B.M. and Walker, S.C. 2015.
Fitting linear mixed-effects models using Ime4. Journal of
Statistical Software 67(1): 1-48. https://doi.org/10.18637/
j88.v067.101.

Farjon, A. 2010. A handbook of the world’s conifers. 2" ed. rev.
Leiden: Brill, Vol. I, 544 pp.

Ganbaatar, B., Jamsran, T., Gradel, A. and Sukhbaatar, G.
2021. Assessment of the effects of thinnings in Scots pine
plantations in Mongolia: a comparative analysis of tree
growth and crown development based on dominant trees.
Forest Science and Technology 17: 135—143. https://doi.org
/10.1080/21580103.2021.1963326.

Grower, S.T., Landsberg, J.J. and Bisbee, K.E. 2003. Forest
biomes of the world. In: Young, R.A. and Giese, R.L. (Eds.)
Introduction to forest ecosystem science and management.
3" ed. Hoboken, NJ (USA): John Wiley and Sons, p. 57-74.

Ishiguri, F., Terazawa, E., Sanpe, H., Matsumoto, K., Ishi-
do, M., Ohno, H., lizuka, K., Yokota, S. and Yoshiza-
wa, N. 2009. Radial variation and difference between ju-
venile wood and mature wood in bending property of sugi
(Cryptomeria japonica D. Don) originated from seedlings.
Wood Industry 64: 20-25 (in Japanese with English sum-
mary).

Ishiguri, F.,, Tumenjargal, B., Baasan, B., Jigjjav, A., Per-
tiwi, Y.A.B., Aiso-Sanada, H., Takashima, Y., Iki, T.,
Ohshima, J., lizuka, K. and Yokota,S. 2018. Wood
properties of Larix sibirica naturally grown in Tosontsen-
gel, Mongolia. International Wood Products Journal 9:
127—133. https://doi.org/10.1080/20426445.2018.1506606.

Jorgensen, K., Granath, G., Lindahl, B.D. and Strengbom, J.
2021. Forest management to increase carbon sequestration
in boreal Pinus sylvestris forests. Plant Soil 466: 165—178.
https://doi.org/10.1007/s11104-021-05038-0.

Kimura, J. and Fujimoto, T. 2014. Modeling the effects of
growth rate on the intra-tree variation in basic density in
hinoki cypress (Chamaecyparis obtusa). Journal of Wood
Science 60: 305-312. https://doi.org/10.1007/s10086-014-
1416-0.

Koga, S., Tsutsumi, J., Oda, K. and Fujimoto, T. 1996. Effects
of thinning on basic density and tracheid length of karamat-
su (Larix leptolepis). Mokuzai Gakkaishi 42: 605—611.

Livingston, A.K., Cameron, A.D., Petty, J.A. and Lee, S.L.
2004. Effect of growth rate on wood properties of genetical-
ly improved Sitka spruce. Forestry 77: 325-334. https://doi.
org/10.1093/forestry/77.4.325.

McLean, J.P., Moore, J.R., Gardinr, B.A., Lee, S.J., Mo-
chan, S.J. and Jarvis, M.C. 2016. Variation of radial wood
properties from genetically improved Sitka spruce growing
in the UK. Forestry 89: 109-116. https://doi.org/10.1093/
forestry/cpv035.

Miihlenberg, M, Appelfelder, J., Hoffmann, H., Ayush, E. and
Wilson, K.J. 2012. Structure of the montane taiga forests
of West Khentii, Northern Mongolia. Journal of Forest Sci-
ence 58: 45-56. https://doi.org/10.17221/97/2010-JFS.

Nakagawa, S. and Schielzeth, H. 2010. Repeatability for Gauss-
ian and non-Gaussian data: a practical guide for biologists.
Biological Reviews 85: 935-956. https://doi.org/10.1111/
j.1469-185X.2010.00141.x.



BALTIC FORESTRY 29(1)

Nezu, I., Ishiguri, F., Aiso, H., Hiraoka, Y., Wasli, M.E.,
Ohkubo, T., Ohshima, J. and Yokota, S. 2022. Secondary
xylem maturation evaluated by modeling radial variations
in anatomical characteristics and wood properties of Shorea
macrophylla (De Vr.) Ashton planted in Sarawak, Malaysia.
Trees 36: 659-668. https://doi.org/10.1007/s00468-021-
02237-1.

Pikk, J. and Kask, R. 2004. Mechanical properties of juvenile
wood of Scots pine (Pinus sylvestris L.) on Myrtillus forest
site type. Baltic Forestry 10: 72-78.

Pinheiro, J.C. and Bates, D.M. 2000. Mixed-effects models in
S and S-PLUS. New York: Springer, 528 pp.

Pollet, C., Henin, J.M., Hébert, J. and Jourez, B. 2017. Effect
of growth rate on the physical and mechanical properties of
Douglas-fir in western Europe. Canadian Journal of Forest
Research 47: 1056—1065. https://doi.org/10.1139/¢jfr-2016-
0290.

R Core Team. 2020. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vien-
na, Austria. URL: https://www.R-project.org/.

Rasband, W.S. 2018. ImagelJ. U.S. National Institutes of Health,
Bethesda, Maryland, USA. URL: https://imagej.nih.gov/ij/.

Sarkhad, M., Ishiguri, F., Nezu, I., Tumenjargal, B., Taka-
hashi, Y., Baasan, B., Chultem, G., Ohshima, J.
and Yokota, S. 2022. Modeling of radial variations in
wood properties and comparison of juvenile and ma-
ture wood of four common conifers in Mongolia.
Holzforschung 76: 14-25. https://doi.org/10.1515/hf-2021-
0107.

Shirai, M. and Kitahara, R. 2010. The effect of radial growth
rate on the wood properties of Cryptomeria japonica. Bul-
letin of the Faculty of Agriculture, Miyazaki University 56:
45-55 (in Japanese with English summary). Available on-
line at: http://hdl.handle.net/10458/2653.

Sukhbaatar, G., Ganbaatar, B., Jamsran, T., Purevagchaa, B.,
Nachin, B. and Gradel, A. 2020. Assessment of early sur-
vival and growth of planted Scots pine (Pinus sylvestris)
seedlings under extreme continental climate conditions

40

EFFECTS OF RADIAL GROWTH RATE ON JUVENILE WOOD PROPERTIES /.../  GANBAATAR, B. ET AL.

of northern Mongolia. Journal of Forestry Research 31:
13—26. https://doi.org/10.1007/s11676-019-00935-8.
Takata, K., Koizumi, A. and Ueda, K. 1992. Variations of radi-
al growth and wood quality among provenances in Japanese
larch. Mokuzai Gakkaishi 38:1082—1088 (in Japanese with

English summary).

Takahashi, M., Kawaguchi, N., Miyano, H. and Hasega-
wa, M. 1983. The properties of eight wood species import-
ed from the U.S.S.R. Journal of the Hokkaido Forest Prod-
ucts Research Institute 377: 1-9 (in Japanese with English

summary).
Tumenjargal, B., Ishiguri, F., Aiso, H., Takahashi, Y.,
Nezu, I., Takashima, Y., Baasan, B., Chultem, G.,

Ohshima, J. and Yokota, S. 2020. Physical and mechan-
ical properties of wood and their geographic variations in
Larix sibirica trees naturally grown in Mongolia. Scientific
Reports 10: 12936. https://doi.org/10.1038/s41598-020-
69781-7.

Tumenjargal, B., Ishiguri, F., Aiso-Sanada, H., Takahashi, Y.,
Baasan, B., Chultem, G., Ohshima, J. and Yokota, S.
2018. Geographic variations of wood properties of Larix
sibirica naturally grown in Mongolia. Silva Fennica 52:
10002. https://doi.org/10.14214/s£.10002.

Verkasalo, E. and Leban, J.M. 2002. MOE and MOR in stat-
ic bending of small clear specimens of Scots pine, Norway
spruce and European fir from Finland and France and their
prediction for the comparison of wood quality. Paperi ja
Puu / Paper and Timber 84: 332-340.

Zhang, S.Y. 1995. Effect of growth rate on wood specific gravi-
ty and selected mechanical properties in individual species
from distinct wood categories. Wood Science and Technolo-
2y 29: 451-465. https://doi.org/10.1007/BF00194204.

Zhu, J., Nakano, T. and Hirakawa, Y. 2000. Effect of radi-
al growth rate on selected indices for juvenile and mature
wood of the Japanese larch. Journal of Wood Science 46:
417-422. https://doi.org/10.1007/BF00765798.

Zobel, B.J. and van Buijtenen, J.P. 1989. Wood variation, its
causes and control. Berlin: Springer, 363 pp.



	4-BF-2023-29-1-649-print-lpp

