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ABSTRACT

The growth characteristics, stress-wave velocity of stem, green moisture content, and basic density were investigated for 24-year-
old Eucalyptus urophylla trees planted in Indonesia. The effects of radial growth rate on the wood properties, and the manner of
xylem maturation were evaluated through the selection of the best mixed-effect model. Logarithmic and quadratic functions were
fitted as the best model for radial variations in green moisture content and basic density, respectively. By the variance component
analysis, effects of radial growth rate on stress wave-velocity and basic density were minimal. The mean absolute error values for
the models with the fixed part for radial variation in basic density in relation to relative distance from pith were smaller than those
in relation to distance from pith, suggesting that the manner of xylem maturation in E. urophylla depended on the cambial age
rather than diameter growth.
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1. Introduction

Eucalyptus urophylla S. T. Blake naturally distributes
Lesser Sunda Island (Timor, Wetar, Flores, Adonara,
Lomblem and Alor) and planted in many tropical parts of
the world (Soerianegara and Lemmens 1994). The chief
characteristics of E. urophylla are its rapid growth, and
good form (FAO 1979). This species has grown well at low
altitudes and there are significant provenance differences
(Hillis and Brown 1984). Wood of this species widely
used for heavy construction, pulp production, and others
(FAO1979; Soerianegara and Lemmens 1994). This species
can produce hybrids with E. alba and other species. Studies
on fundamental wood properties and relationship between
growth characteristics and wood properties in this species
are important for producing and utilizing the wood from this
species as well as producing high qualities wood from the
hybrids.

Understanding the effects of radial growth rate on wood
properties is important in sustainable forestry. The forest
managers are worried about that increase of tree growth rate
might result in productions of lower quality wood. Especially
for fast-growing tree species, many people consider that
the trees might produce lower quality of wood. In tropical
broad-leaved tree species, the effects of radial growth rate
on wood properties have been investigated (Ohbayashi and
Shiokura 1990; Bhat et al. 2001; Kojima et al. 2009a,b;
Quang et al. 2010; Ishiguri et al. 2012, 2016; Wu et al. 2013;
Pertiwi et al. 2017, 2018; Prasetyo et al. 2017; Nezu et al.
2021). In 9-year-old E. urophylla planted in Indonesia, stem
diameter was significantly positive correlated with stress-
wave velocity (Prasetyo et al. 2017). Eucalyptus urophylla at
age 96 months in southern China, no significant correlation
coefficients were reported between basic density and stress-
wave velocity of stems (Wu et al. 2013). However, the
sampled tree was young with less than 15 cm in diameter (Wu
et al. 2013; Prasetyo et al. 2017), and it is necessary to study
radial growth rate on wood properties in sample with larger
diameter for obtaining high value-added wood products from
this species.

Xylem maturation manner should be also considered in
addition to growth rate-wood properties relationships. The
tendency of xylem maturation manner is not the same among
tropical broad-leaved tree species and it has been reported
that two different types of xylem maturation manner were
found: anatomical characteristics and wood properties
stabilized in relation to diameter growth (Honjo et al. 2005;
Chowdhury et al. 2009; Kojima et al. 2009a,b; Makino et
al. 2012; Ishiguri et al. 2016; Hidayati et al. 2017; Pertiwi
et al. 2017, 2018) and cambial age (Bhat et al. 2001; DeBell
et al. 2001; Kojima et al. 2009b; Ishiguri et al. 2012; Nezu
et al. 2021). Thus, xylem maturation process should be
evaluated in more detail at species level because the strategy
of silvicultural managements may be differed among the
types: promotion of radial growth in trees in which xylem
maturation process depending on diameter growth results
in increase of stable wood volume, but opposite results may

be obtained in trees in which xylem maturation process
depending on cambial age. To effectively utilize wood
resources of E. urophylla, the effect of radial growth rate on
wood properties should be clarified.

When wood properties were obtained using hierarchical
structure data, a mixed-modeling has been applied especially
for conifers (Fujimoto and Koga 2010; Auty et al. 2013;
Dahlen et al. 2018). However, less statistical methodologies
based on hierarchical structure data in wood properties have
been adopted for clarifying the effect of radial growth rate
on wood properties and xylem maturation manner in tropical
broad-leaved tree species (Nezu et al. 2021). Therefore,
novel findings may be obtained by the modeling approach.

In the present study, growth characteristics, stress-wave
velocity of stem, and wood properties (green moisture
content and basic density) were preliminary investigated for
24-year-old E. urophylla trees planted in Indonesia. Based on
the results, effects of radial growth rate on wood properties
and xylem maturation manner in this species were discussed.

2. Materials and methods

An experimental plantation of Eucalyptus urophylla S.T.
Blake was in Gunung Nona, Education Forest, Pattimura
University, Ambon, Maluku, Indonesia (3°43’S, 128°11'E,
265m above sea level). Thirty 24-year-old E. urophylla trees
planted in the plantation were selected for the experiments.
Stem diameter at 1.3 m above ground level, tree height, and
stress-wave velocity of stem were measured by the same
methods described in our previous study (Wahyudi et al.
2015).

To determine the green moisture content and basic density,
trees were classified into three categories based on the mean
(1) and standard deviation (o) of stem diameter (d) (Ishiguri
et al. 2012; Wahyudi et al. 2015; Nezu et al. 2021): slow
growth (d <y — 0), medium growth ( — 0 <d < p + ), and
fast growth (1 + 0 < d). As the results, slow-, medium-, and
fast-growth categories were d < 16.8 cm, 16.8 cm < d < 23.8
cm, and d = 23.8 cm. Core samples (5 mm in diameter) of 2
cm from cambium toward pith were collected from 4, 5, and
5 trees in each category at 1.3 m above ground. In addition,
to determine radial variation of green moisture content
and basic density, a core sample (5 mm in diameter) were
collected from pith to cambium in a tree within each growth
category. Basic density was calculated by dividing the oven-
dry weight by the green volume.

Statistical analyses were conducted using R software
version 4.0.2 (R Core Team 2020). The effects of radial
growth rate on each property were evaluated by an intercept-
only linear mixed-effects model by the Imer function in the
Ime4 package (Bates et al. 2015). For clarification of the
effect of radial growth rate on each property, the variance
component was estimated by the following model:

yij= u + Categoryi + eij (D

where yij is the observation values of the jth individual tree
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of the ith growth category, u is the fixed-effect parameter,
Categoryi is the random-effect parameter of the growth
category i, and e;j is the residual. The significant level of the
fixed-effect parameter was evaluated (Bates et al. 2015). The
ratio of the variance component for the growth category to
the total variance (Ratiocar) was calculated by the following
formula (Nakagawa and Schielzeth 2010):

Ratiocar (%) = Vear | (Veat + Vres) * 100 2)

where Vear is the variance component of the growth category
and Vres represents residual variance. The ratio of the
variance component for the growth category to the total
variance could not calculated, when equation 1 was not
converged.

The radial variation of green moisture content and basic
density in relation to distance from pith were determined
by the linear or nonlinear mixed-effects models using the
Imer function in the Ime4 package (Bates et al. 2015) and
the nlme function in the nlme package (Pinheiro and Bates
2000) expressed as the following:

vij = ao + (a1 + Treei) Dij + eij 3)
yij=ao + a1 * Dij + Treei + eij “4)
vii = fo+ (f1 + Treei) In Dij + ejj 5)
yii = fo+ f1* In Dij + Treei + ejj 6)
vii = Y0 + Y1 * Dij + (y2 + Treei) Dif? + eij (@)
vii =0 + (y1 + Treei) Dij + y2 * Dif? + eij ®)
vii =90 + Y1 * Dij+ y2 * Dif* + Treei + eij (&)

where yij is the observed value for the jth cm position from
pith in the ith individual tree, Djj is the jth cm position from
pith in the ith individual tree, ao, a1, fo, B1, yo, y1, and p2
are the fixed-effect parameters, Treei is the random-effect
parameter of the ith individual tree, and ejj is the residual.
Applied function were linear function (equations 3 and
4), the logarithmic function (equations 5 and 6), and the
quadratic function (equations 7 to 9). The models with low
significant level (p > 0.05) of the fixed-effect parameter was
not used. Then, the best model was selected using the Akaike
Information Criterion: The model with minimum the AIC
value was considered the best model (AIC, Akaike 1998). If
quadratic function was selected as the best model, distance
from pith (Dv = —y1/2y2) and each property value (¥v = yo
—1%/4y2; Y is value of moisture content or basic density)
were calculated at the vertex of quadratic function with only
fixed-effect parameters.

To clarify xylem maturation manner in this species
(depending on diameter growth or cambial age), radial
variation of basic density in relation to relative distance from
pith to cambium was calculated by the method described by
Chowdhury et al. (2009). For radial variation modeling of
basic density in relation to relative distance from pith, the
function (linear [equations 3 and 4], logarithmic [equations
5 and 6], and quadratic [equations 7 to 9]) in the best model
for radial variation in relation to distance from pith was

applied after modification of the explanatory variables from
‘distance from pith’ to ‘relative distance from pith’. The
modified formula was as follows:

BDij = ao + (a1 + Treei) RDij + eij (10)
BDij = ao + a1 * RDij + Treei + eij (11)
BDij = fo + (f1 + Treei) In RDjj + eij (12)
BDij = fo + 1+ In RDij + Treei + eij (13)
BDij = y0 + y1 * RDij + (y2 + Treeil) RDij? + eij (14)
BDij = yo + (y1 + Treei) RDij + 2 * RDij* + eij (15)
BDij=yo + y1 * RDij + y2 * RDif* + Treei + eij (16)

where BDijj is the observed value for the jth% position from
pith in the ith individual tree, Djj is the jth% position from
pith in the ith individual tree, ao, a1, fo, B1, yo, y1, and y2
are the fixed-effect parameters; Treei is the random-effect
parameter of the ith individual tree; and ejj is the residual.
Among the models (equations 10 to 16), the model with
minimum AIC was selected as the best model for radial
variation in basic density in relation to relative distance from
pith. In addition, the significant level was confirmed in the
fixed-effect parameter in the selected model.

For the best models in relation to distance from pith and
relative distance from pith, mean absolute error (MAE) was
carried out from the fixed part of each model (Willmott and
Matsuura 2005). The MAE is expressed as the following:

MAE =n'X |y0bs, k = Ypred, k | (17)

where the 7 is total number of samples, yobs, k is the observed
value for the kth cm position from pith or the kth % position
from pith, and yprea, k is the predicted value from the model
for the kth cm position from pith or the kth % position from
pith. A smaller MAE value is considered the best model
between two models in relation to distance from pith or
relative distance from pith for basic density.

Pearson’s correlation coefficients were determined for
clarifying the relationships between stem diameter and
stress-wave velocity.

3. Results and discussion

3.1 Stress-wave velocity of stem

Table 1 shows stem diameter, tree height and stress-wave
velocity of stem. Values of Mean * standard deviation
in each growth category in stem diameter, tree height,
and stress-wave velocity of stem of 30 trees in the stand
were 203 + 35cm, 155 £ 24 m, and 3.65 £ 0.21 km/s.
Similar mean values and standard deviation were also
obtained in 15 trees collected samples. Prasetyo et al.
(2017) reported that stem diameter, tree height and stress-
wave velocity of stem of 9-year-old E. urophylla planted in
Indonesia were 13.1 cm, 12.1 m, and 3.18 km/s, respectively.
In other Eucalyptus species, stress-wave velocity was 3.45
km/s for 4-year-old trees of E. camaldulensis grown in
Thailand (Ishiguri et al. 2013), 3.23 km/s for 26-year-old E.
alba trees planted in the same place with this study (Wahyudi
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et al. 2015), and 3.18 to 3.36 km/s for 13-year-old E. nitens
trees of three different races planted in Australia (Blackburn
et al. 2010). The results of stress-wave velocity obtained in
the present study showed relatively higher values compared
to those in other Eucalyptus species.

3.2 Wood properties

Moisture content at green condition and basic density for 2
cm from the cambium in 15 selected trees in slow, medium,
and fast-growth category were 57.1, 58.3, and 57.8% and
0.72,0.68, and 0.68 g/cm? (Table 1). The basic density values
were 0.506 and 0.535 g/cm?® in fast- and slow-growing E.
urophylla families at age 10 from a progeny trial in Vietnam
(Quang et al. 2010). In 9-year-old E. urophylla planted in
Indonesia, the basic density was 0.46 g/cm® (Prasetyo et al.
2017). Thus, the basic density value obtained in the present
studies is high compared to those in these previous studies,
although tree age is differed among the studies.

Table 2 shows a comparison of AIC values of seven
models for radial variations of green moisture content and
basic density in relation to the distance from pith. The
logarithmic function showed the minimum AIC values for
green moisture content (equation 6). On the other hand,
radial variation for basic density was fitted for quadratic
function (equation 7). The radial variations in green moisture
content and basic density in relation to distance from pith are
shown in Figures 1 and 2. Solid curve indicates regression
curve based on the best model with fixed-effect parameters
in each property (Table 3). Moisture content decreased and
then became stable toward the cambium. On the other hand,

Table 1 Statistical values of growth characteristics, stress-wave velocity
of stem, and wood properties of specimens obtained in 2 cm from

cambium.

Property Slow Medium Fast Mean/total
nl 6 20 4 30

157 (14) 206 (20) 260 (1.4) 203 (3.5)
Tree height (m) 140 (0.8) 156 (2.7) 17.1 (1.9) 15524
Stress-wave velocity (km/s) 3.73 (0.31) 3.63 (0.17) 3.67 (0.23) 3.65 (0.21)
n2 5 6 4 15

155 (14) 20.7 (1.6) 260 (1.4) 192 (2.0)
Tree height (m) 139 (09) 148 (1.0) 17.1 (1.9) 15.1 (0.2)
Stress-wave velocity (km/s) 3.81 (0.26) 3.60 (0.15) 3.67 (0.23) 3.69 (0.22)
Green moisture content (%) 57.1 (12.2) 58.3 (5.5) 57.8 (4.6) 57.8 (7.6)
0.72 (0.07) 0.68 (0.09) 0.68 (0.07) 0.69 (0.07)

Stem diameter (cm)

Stem diameter (cm)

Basic density (g/cm?)

Note: n1, number of trees in the stand; n2, number of trees collecting core

samples. The value in parenthesis indicates standard deviation.

the vertex of quadratic function of the best model with
only fixed-effect parameters of radial variation for basic
density was 0.74 g/cm?® at around 6 cm from pith (Figure 2).
Therefore, basic density increased up to 6 cm from the pith,
and it decreased toward bark side.

Prasetyo et al. (2017) reported that basic density almost
constant up to 3 cm from the pith, and then it gradually
increased toward the bark. In other Eucalyptus species,
oven-dry density in E. saligna and basic density in E. alba
increased slightly from pith to bark (Ohbayashi and Shiokura
1990; Wahyudi et al. 2015). The results of radial profile of
E. urophylla in the present study were different from those
in previous studies (Ohbayashi and Shiokura 1990; Prasetyo
et al. 2017; Wahyudi et al. 2015). Further investigation
is needed for clarifying the factors which affected on the
decreasing trend of basic density after 6 cm from pith to bark
side.

3.3 Effects of radial growth rate on wood properties

To clarify the effect of radial growth rate on each property,
the intercept-only linear mixed-effects model with the
growth category as the random effect was developed using
mean values of the property at individual tree level. The
ratio of the variance component for the growth category
was based on the developed model in each property (Table
4). The variance component ratio in stem diameter and tree
height were 88.3 and 14.2%. On the other hand, the mixed-
effects models of stress-wave velocity, green moisture
content, and basic density were singular fitting; variances
of one or more linear combinations of effects close to zero

Table 2 Comparison of AIC value of mixed-effect model for radial variation
of green moisture contents and basic density in relation to distance
from the pith.

Green moisture

Function Equation Basic density

content

246.445 -
234.495 -
240.866 -
229.231 -
247985 - 49339
247985 — 43455
9 235.754 -

Linear

Logarithmic

Quadratic

0 N N B W

Note: -, Model was not converged because of not significant of fixed-effect
parameters (p < 0.05). Bold values in AIC indicate the minimum AIC values in
each property in relation to distance from pith.

Table 3 Parameter estimates, associated standard errors, p-values, and the random effects parameters for the selected model of radial variation in each

property in relation to distance from pith.

Fixed effects

Random effects

Property Equation
Parameter Estimates SE t-value p-value Treesiow Treemedium Treeras
Green moisture Bo 82.835 5.564 14.888 <0.001 — 8.998 1.037 7961
content 6 B - 13.827 2.007 - 6.891 <0.001
Yo 0.5985 0.3648 X 10! 16.407 <0.001 —02176 X 1073 —0.8328x 1073  0.1050 X 102
Basic density 7 Vi 0.4498 X 107! 0.1350 X 10! 3.333 0.003
P2 —0.3573X 1072  0.1228 X102 -2910 0.007

Note: SE, standard error; p-value, significant level for each fixed-effect parameter. Treesiow, Treemediun, and Treeras:, random-effect parameter of each category.
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(Bates et al. 2015). Thus, the effect of the radial growth rate
on these properties was minimal. Correspondingly, the mean
values of these properties showed similar values among
growth categories (Table 1). In addition, no significant
correlation coefficients were found in stem diameter and
basic density or stress-wave velocity of trees (Figure 3),
suggesting that these wood properties might be independent
from stem diameter. Therefore, the wood of faster radial
growth rate would not always show lower wood quality in E.
urophylla.

3.4 Xylem maturation

The model of radial variation in basic density in relation
to relative distance from pith was applied using the same
function selected as the best model for radial variation in
relation to distance from pith (equations 14 to 16). The
results of AIC values of developed models were shown
in Table 5. The AIC value was minimum in equation 14.
The radial variations in basic density in relation to relative
distance from pith are shown in Figure 2. The regression
curve in the Figure 2 indicates the fixed part of the best
model in basic density (Table 6). Based on the results, we
considered the xylem maturation manner. If the models of
radial variation in relation to distance from pith were fitted,
we regard as the xylem maturation depending on diameter
growth. In the present study, the MAE was used as a

Table 4 Variance components of the linear mixed-effect model for each

property.

Property Ratioca Vies Vea (%)
Stem diameter 25.566 3.396 883
Tree height 09148 5.5458 142

Stress-wave velocity - - R
Green moisture content - - -

Basic density - - -

Note: Ve, variance component of growth category; Vies, the residual variance;
Ratiocar, The ratio of the variance component for the growth category to the
total variance. The number of trees in this data is 30 for growth characteristics
and stress-wave velocity, and 15 trees for green moisture content and basic
density, respectively.

Table 5 Comparison of AIC value of mixed-effect model for radial

variation of basic density in relation to relative distance from

pith.
Function Equation AIC
Quadratic 14 - 39.798
15 — 38.703
16 - 39.262

Note: Bold value in AIC indicates the minimum AIC values among quadratic
models in basic density in relation to relative distance from pith.

criterion to compare the models (Figure 2). A smaller MAE
value was found in the relative distance from pith for basic
density compared to distance from pith, suggesting that
basic density varied depending on cambial age rather than
diameter growth. The results might be also related to the
tendency of no significant relationship between radial stem
diameter and basic density as shown in Figure 3. In addition,
the vertex of quadratic function of best model with only
fixed-effect parameters was 0.77 g/cm?® in basic density and
about 63% in relative distance from pith, respectively. Thus,
peak values of basic density might be showed at the cambial
age of 15 years (24 years old [tree age] X 0.63 [relative distance
from pith] = around 15 years old), suggesting that the tree
of this species should be harvested after 15 years old when
the final products of the wood from this species are required
high density.

It has been reported that xylem maturation of tropical fast-
growing tree species, such as Acacia mangium, Falcataria
moluccana, Gmelina arborea and others, depends on diameter
growth: when cambium reaches to a certain diameter, tree
produces xylem with stable quality in wood fibers, wood
density, and others (Honjo et al. 2005; Chowdhury et al.
2009; Kojima et al. 2009a,b; Makino et al. 2012; Ishiguri et
al. 2016; Hidayati et al. 2017; Pertiwi et al. 2017, 2018). On
the other hand, cambial age dependency was found in xylem
maturation of several Eucalyptus species, such as E. grandis,

o Slow A Medium o Fast

[
W
(]

100

Moisture content (%)
(9,
(e

0 5 10 15

Distance from pith (cm)

Figure 1 Radial variations in green moisture content in relation to
distance from pith based on the best model.

Note: Circles, triangles, and squares indicate slow-, medium-, and fast-

growing trees. Solid curve indicates the regression curve based on the best

model with fixed-effect parameters.

Table 6 Parameter estimates, associated standard errors, p-values, and the random effects parameters for the selected model of radial variation in basic

density in relation to relative distance from pith.

. Fixed effects Random effects
Property Equation -
Parameter Estimates SE t-value p-value Treesiow Treenedium Treeras
Yo 0.5697 03564 x 10! —3.742 <0.001
Basic density 14 1 0.6395 X 102 0.1488 X 102 4297 <0.001 —0.1013X107° —04855%x107°  0.5868 X 10~
y2 —-05070x10°* —0.1356x10"* 15985 <0.001

Note: SE, standard error; p-value, significant level for each fixed-effect parameter. Treesiow, Treemediun, and Treeras, random-effect parameter of each category.
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E. globulus, and E. alba (DeBell et al. 2001; Kojima et al.
2009b; Wahyudi et al. 2015). In the present study, xylem
maturation manner can be clarified in tropical broad-leaved
tree species using new modelling approach: model selection
from two mixed-effects models of radial variation for wood
properties with explanatory variables as distance from pith
and relative distance from pith (or cambial age), and random
effect as individual trees. As the results, xylem maturation in E.
urophylla also depended on cambial age rather than diameter
growth based on the model selection of radial variation in
basic density. Further research is needed for clarifying that
what kind of factors affects on xylem maturation manner and
how the manner controls at genus level.

4. Concluding remarks

To clarify the effects of radial growth rate on wood
properties and the manner of xylem maturation, mixed-effect
models were fitting for wood properties in 24-year-old E.
urophylla trees planted in Indonesia. The best models that
represent the radial variations of green moisture contents
and basic density were logarithmic and quadratic functions,
respectively. The mixed-effects models of stress-wave
velocity, green moisture content, and basic density were

| o Slow A Medium o Fast

1.0

08 Foo0°0

06 FB&°
o 04r MAE = 0.072
5 ool D,=63cm
@ ) BD,=0.740 g/cm’
= 00 . .
@ 0 5 10 15
3 Distance from pith (cm)
Q
2 10
g L

08 0 © 2 g @0 oy

PR LN
0.6 & 8 ‘

0.4 I MAE =0.050

0o L AD=63.1%
) BD,=0.771 g/cm?
0.0 1 1 1 1
0 20 40 60 80 100

Relative distance from pith (%)

Figure 2 Radial variations in basic density in relation to distance from
pith or relative distance from pith based on the best model.
Note: MAE, mean absolute error; Dy, RDv, and BD, distance from pith, relative
distance from pith, and basic density of vertex estimated from the best model
with fixed-effect parameters (Tables 3 and 6). Circles, triangles, and squares
indicate fast-, medium-, and slow-growing trees. Solid curve indicates the
regression curve based on the best model with fixed-effect parameters. Dashed

line indicates the vertex of the best model with fixed-effect parameters.

singular fitting. In addition, no significant correlation was
found between stem diameter and stress-wave velocity or
basic density, suggesting that the effect of the radial growth
rate on these properties was minimal. Therefore, the faster
radial growth rate did not always produce a lower quality of
wood respect to production of solid wood for construction.
By the model selection between distance from the pith and
relative distance from pith as the explanatory variables,
models with relative distance from pith was selected for
basic density, suggesting that xylem maturation depend on
cambial age in E. urophylla. In the future, xylem maturation
manner in the other tropical broad-leaved tree species also
should be clarified by the model selection among two mixed-
effects models of radial variation for wood properties with
explanatory variables as distance from pith and relative
distance from pith (or cambial age), and random effect as
individual trees.

Acknowledgements

The authors thank to Kazuko Makino, Student, School of
Agriculture, Utsunomiya University, for assisting field
experiments in Indonesia and laboratory experiments in

Japan.
o Slow A Medium o Fast
5
2z
3 4 %A
S oo
T‘; 3 ° Odm% -
— N
Q>) 721
S § 21 =30
5 Lk r=-0.023
§ p=0.903
1 1

N 0

1.0
2 ® A
g (:]_\ o OOAﬁ LGDD
o £ a B
T o 05
L"‘; 20 n=15
< r=-0.237
/M »=0.395

0.0 : :
0 10 20 30

Stem diameter (cm)

Figure 3 Relationship between stem diameter and stress-wave velocity of
stem or basic density.
Note: n, number of sample trees; r, correlation coefficient; p, p-value of a

correlation coefficient.



Eucalyptus urophylla [C8|F 2 IEARERENAM IS CNIF T RED K UARIBEMEL 7

References

Akaike H (1998) Information theory and an extension of the
maximum likelihood principle. In: Parzen E, Tanabe K,
Kitagawa G (eds) Selected Papers of Hirotugu Akaike.
Springer Series in Statistics (Perspectives in Statistics).
Springer, New York, 199-213.

Auty D, Gardiner BA, Achim A, Moore JR, Cameron AD
(2013) Models for predicting microfibril angle variation in
Scots pine. Annals of Forest Science 70: 209-218.

Bates D, Michler M, Bolker BM, Walker SC (2015) Fitting
linear mixed-effects models using Ime4. Journal of
Statistical Software 67: 1-48.

Blackburn D, Hamilton M, Harwood C, Innes T, Potts B,
Williams D (2010) Stiffness and checking of Eucalyptus
nitens sawn boards: genetic variation and potential for
genetic improvement. Tree Genetics and Genomes 6: 757-
765.

Bhat KM, Priya PB, Rugmini P (2001) Characterisation of
juvenile wood in teak. Wood Science and Technology 34:
517-532.

Chowdhury MQ, Ishiguri F, lizuka K, Takashima Y, Matsumoto
K, Hiraiwa T, Ishido M, Sanpe H, Yokota S, Yoshizawa N
(2009) Radial variations of wood properties in Casuarina
equisetifolia growing in Bangladesh. Journal of Wood
Science 55: 139-143.

Dahlen J, Auty D, Eberhardt TL (2018) Models for
predicting specific gravity and ring width for loblolly pine
from intensively managed plantations, and implications
for wood utilization. Forests 9: 292.

DeBell DS, Keyes CR, Gartner BL (2001) Wood density of
Eucalyptus saligna grown in Hawaiian plantations: effects
of silvicultural practices and relation to growth rate.
Australian Forestry 64: 106-110.

FAO (1979) Eucalyptus for planting. FAO, Rome, 1-677.

Fujimoto T, Koga S (2010) An application of mixed-
effects model to evaluate the effects of initial spacing on
radial variation in wood density in Japanese larch (Larix
kaempferi). Journal of Wood Science 56: 7-14.

Hidayati F, Ishiguri F, Makino K, Tanabe J, Aiso H, Prasetyo
VE, Marsoem SN, Wahyudi I, lizuka K, Yokota S (2017)
The effects of radial growth rate on wood properties and
anatomical characteristics and an evaluation of the xylem
maturation process in a tropical fast-growing tree species,
Gmelina arborea. Forest Products Journal 67: 297-303.

Hillis WE, Brown AG (1984) Eucalyptus for wood
production. Academic Press, Sydney, 1-434.

Honjo K, Furukawa I, Sahri MH (2005) Radial variation of
fiber length increment in Acacia mangium. IAWA Journal
26: 339-352.

Ishiguri F, Aiso H, Hirano M, Yahya R, Wahyudi I, Ohshima
J, lizuka K, Yokota S (2016) Effects of radial growth
rate on anatomical characteristics and wood properties
of 10-year-old Dysoxylum mollissimum trees planted in
Bengkulu, Indonesia. Tropics 25: 23-31.

Ishiguri F, Diloksumpun S, Tanabe J, lizuka K, Yokota S
(2013) Stress-wave velocity of trees and dynamic Young's

modulus of logs of 4-year-old Eucalyptus camaldulensis
trees selected for pulpwood production in Thailand.
Journal of Wood Science 59: 506-511.

Ishiguri F, Takeuchi M, Makino K, Wahyudi I, Takashima Y,
lizuka K, Yokota S, Yoshizawa N (2012) Cell morphology
and wood properties of Shorea acuminatissima planted in
Indonesia. IAWA Journal 33: 25-38.

Kojima M, Yamamoto H, Marsoem SN, Okuyama T,
Yoshida M, Nakai T, Yamashita S, Saegusa K, Matsune K,
Nakamura K, Inoue Y, Arizono T (2009a) Effects of the
lateral growth rate on wood quality of Gmelina arborea
from 3.5-, 7- and 12-year-old plantations. Annals of Forest
Science 66: 507.

Kojima M, Yamamoto H, Yoshida M, Ojio Y, Okumura K
(2009b) Maturation property of fast-growing hardwood
plantation species: a view of fiber length. Forest Ecology
and Management 257: 15-22.

Makino K, Ishiguri F, Wahyudi I, Takashima Y, lizuka
K, Yokota S, Yoshizawa N (2012) Wood properties of
young Acacia mangium trees planted in Indonesia. Forest
Products Journal 62: 102-106.

Nakagawa S, Schielzeth H (2010) Repeatability for Gaussian
and non-Gaussian data: a practical guide for biologists.
Biological Reviews 85: 935-956.

Nezu I, Ishiguri F, Aiso H, Hiraoka Y, Wasli ME, Ohkubo T,
Ohshima J, Yokota S (2021) 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 (In
Press).

Ohbayashi H, Shiokura T (1990) Wood anatomical
characteristics and specific gravity of fast-growing
tropical tree species in relation to growth rates. Mokuzai
Gakkaishi 36: 889-893.

Pertiwi YAB, Aiso H, Ishiguri F, Marsoem SN, Yokota
S (2018) Radial variation of wood properties in
Neolamarckia cadamba trees from an East Java
community forest. Southern Forests: a Journal of Forest
Science 80: 351-359.

Pertiwi YAB, Ishiguri F, Aiso H, Ohshima J, Yokota S
(2017) Wood properties of 7-year-old balsa (Ochroma
pyramidale) planted in East Java. International Wood
Products Journal 8: 227-232.

Pinheiro, JC Bates DM (2000) Mixed-effects models in S
and S-PLUS. Springer Verlag, New York, 1-528.

Prasetyo A, Aiso H, Ishiguri F, Wahyudi I, Wijaya IPG,
Ohshima J, Yokota S (2017) Variations on growth
characteristics and wood properties of three Eucalyptus
species planted for pulpwood in Indonesia. Tropics 26:
59-69.

Quang TH, Kien ND, von Arnold S, Jansson G, Thinh HH,
Clapham D (2010) Relationship of wood composition
to growth traits of selected open-pollinated families of
Eucalyptus urophylla from a progeny trial in Vietnam.
New Forests 39: 301-312.

R Core Team (2020) R: A language and environment



8 FHEAFEEMIREFE 58S 2022F3H

for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-project.org/
(Accessed 1 Mar 2020)

Soerianegara I, Lemmens RHMJ (1994) Plant Resources of
South-East Asia 5 (1) Timber Trees: Major Commercial
Timbers. Prosea Foundation, Bogor, 1-610.

Wahyudi [, Ishiguri F, Makino K, Tanabe J, Tan K, Tuhumury
A, lizuka K, Yokota S (2015) Growth characteristics and
wood properties of 26-year-old Eucalyptus alba planted in

Indonesia. International Wood Products Journal 6: 84-88.

Willmott CJ, Matsuura K (2005) Advantages of the mean
absolute error (MAE) over the root mean square error
(RMSE) in assessing average model performance. Clinical
Research 30: 79-82.

Wu S, Xu J, Li G, Lu Z, Han C, Hu Y, Hu X (2013) Genetic
variation and genetic gain in growth traits, stem-branch
characteristics and wood properties and their relationships to
Eucalyptus urophylla clones. Silvae Genetica 62: 218-231.



