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Abstract. Acacia mangium Willd. is a fast-growing tree commonly used in pulp and paper production. Despite
extensive planting, there is a need for genetic improvement to enhance wood properties for better pulp output.
This study assessed genetic variations in moisture content, pilodyn penetration, specific gravity, fiber length, cell
wall thickness, lumen diameter, and cellulose content in a third-generation progeny test of 4. mangium in South
Sumatra, involving 52 families. Averages for 3-year-old 4. mangium were as follows: pilodyn penetration at 11.22
mm, moisture content at 117.18%, specific gravity at 0.44, fiber length at 1.01 mm, and alpha cellulose at 68.03%.
Phenotypic variation of wood properties ranged from 3.53% to 19.62%, while genotypic variation was between
1.83% and 9.91%. There was a strong genetic correlation between pilodyn penetration and wood properties
(specific gravity, holocellulose, and alpha cellulose) with individual heritability of wood properties estimates (h*)
from 0.09 to 0.37. Significant family differences were found in pilodyn penetration, specific gravity, fiber length,
holocellulose, and alpha cellulose, with genetic gains of wood properties between 1.78% and 9.72%.
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Introduction

Acacia mangium Willd. is a key species in the pulp and paper
industry, particularly in tropical regions of Southeast Asia,
where it has become a favored plantation species due to its
rapid growth, adaptability to varied climates, and valuable
wood properties (Hegde et al. 2013). Since the 1990s, Indonesia
has widely cultivated A. mangium on marginal lands across
the country, promoting it as a sustainable resource to meet
the rising demand in the pulp and paper sector (Sutedjo and
Warsudi 2017; Goreti et al. 2021). This species is distributed in
several regions, such as Riau, South Sumatra, West Java, South
Kalimantan, East Kalimantan, West Papua, and Maluku prov-
ince (Figure 1). However, initial plantations were established
using unimproved seeds, which limited wood productivity and
quality (Suyanto and Soedjoko 2007; Krisnawati et al. 2011;
Goreti et al. 2021).

To address these limitations, the Indonesian Ministry of
Environment and Forestry (MoEF), in collaboration with the
Japan International Cooperation Agency (JICA) and Musi
Hutan Persada Company, initiated a breeding program in
1993. This program began with a first-generation progeny
test and was later extended to second- and third-generation
trials focused on growth enhancement. However, these trials
initially did not assess wood property traits critical for pulp
production, such as specific gravity, fiber length, lignin, and
cellulose content, which directly affect pulp yield and qual-
ity (Nisatmanto and Kurinobu 2002; Susanto et al. 2013;
Nirsatmanto 2016; Sunarti et al. 2022). Given the industry’s
need for both high growth rates and quality wood, improving
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Figure 1. Spatial distribution of Acacia mangium Willd. in Indonesia.

the genetic traits of 4. mangium relevant to pulp properties
has become essential.

The pulp and paper industry requires raw materials character-
ized by substantial wood increments and superior quality. The
quality of wood is indicated by pulp output; thus, investiga-
tions into pulp-related wood qualities are essential for tree
selection in third-generation progeny tests. Qualities such as
specific gravity and fiber length are critical determinants of tree
species’ utility for pulp manufacturing. The primary chemical
constituents of wood that constitute cell walls (cellulose and
lignin) and extractive substances, together with their distribu-
tion inside the cell walls, influence the characteristics of pulp
and paper (Pereira et al. 2003). Fengel and Wegener (1995)
indicated that several wood properties affecting pulp produc-
tion for paper comprise specific gravity, moisture content,
fiber dimensions, wood extractives, lignin, and cellulose. The
potential for genetic improvement in morphological traits and
wood properties has been validated (Harwood et al. 2015).

This study therefore aimed to identify genetic variations in
wood properties related to pulp production in third-generation
A. mangium progeny trials. Key wood characteristics evaluated
were pilodyn penetration, moisture content, specific gravity,
fiber length, and chemical contents (lignin, holocellulose, alpha
cellulose) to determine their impact on pulp output. Estimated
genetic parameters, including heritability and genetic gain,
were used to assess the potential for genetic improvement of
these traits. Genetic correlations between pilodyn penetration
and wood properties were used to develop efficient selection
criteria for high-quality trees in breeding programs without
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causing damage to standing trees. Ultimately, the study aims
to provide insights for optimizing 4. mangium breeding pro-
grams focused on enhancing wood properties crucial for the
pulp and paper industry in Indonesia.

Materials and Methods

Trial site, genetic material and experimental design

The third-generation progeny test of 4. mangium was conducted
in the Subanjeriji Trial, located at latitude 3.4°S and longitude
103.7°E. The trial was established at an elevation of 110 m
above sea level in South Sumatra on podzolic soil. The average
minimum temperature of the coldest month was 23°C, while
the average maximum temperature of the hottest month was
33°C. Annual precipitation was 2,082 mm, with peak rainfall
occurring from December to March and minimal rainfall in
June. Humidity levels varied from 29% to 73%.

The progeny test comprised 52 open-pollinated families from
the second-generation progeny test of A. mangium (Oriomo-
Papua New Guinea provenance) during the Subanjeriji Trial.
The experimental arrangement comprised 30 replications
(blocks) utilizing a row-column pattern (incomplete block
design) at group B-3 in Figure 2. Each plot consisted of a
single row of four trees, with a spacing of 4 m between rows
and 3 m between trees within each row. Only 10 blocks were
used for measuring the wood properties (Figure 2).

Wood sample collection and wood properties
measurement

A total of 326 trees (52 families with different replications
of each family with a range of 3 to 11 trees) of 3-year-old
third-generation A. mangium progeny were measured. Pilodyn
penetration was measured on standing trees using a Pilodyn
tester (6 J Forest, Proceq, Switzerland) with three positions
were obtained for each tree at 50 cm above the ground after
removing the bark (Ishiguri et al. 2008; Hidayati et al. 2013a;
Hidayati et al. 2013b). The mean values of pilodyn penetration
were calculated for each tree.

The average diameter of the sample trees was 20.85 cm (£3.49
cm). The sample trees were cut and wood discs samples were
taken 50 cm above the ground. Wood samples were obtained
from 52 families (the same number of the trees as for pilodyn
testing) The discs were used to measure green specific gravity,
green moisture content, fiber length, cell wall thickness, lumen
diameter, lignin content, extractive content, alpha-cellulose
content, and holocellulose content. Radial strips (2 cm in width,
2 cm in thickness, and length dependent on tree diameter) were
prepared from each disk for measuring moisture content and

specific gravity. Green specific gravity was determined from
pith to bark. Blocks were obtained from one side with respect
to the pith of the disk. Green specific gravity was calculated
as the ratio of oven-dry mass to green volume, as determined
by the water displacement method.

Measurements of fiber dimensions (fiber length, lumen diam-
eter, and cell wall thickness) were conducted using a microm-
eter. Small strip specimens were macerated with Franklin’s
solution (100% glacial acetic acid [CH,COOH] and 50%
hydrogen peroxide [H,0,,
ber dimensions. The macerated fibers were stained with 1%
safranin, cleared with alcohol, then mounted with Canada

balsam. Images were captured using a digital camera attached

at a 1:10 ratio) for measuring fi-

to a microscope. A total of 50 wood fibers were measured for
fiber length. Lumen diameter and cell wall thickness were
also measured, using the macerated sample. Three positions
of each fiber were measured for lumen diameter and cell wall
thickness, then averaged. Ten fibers were measured for every
sample, then averaged for each sample.

Wood samples were extracted for the analysis of wood chem-
istry, according to Technical Association of the Pulp and Paper
Industry (TAPPI) standard T 204 cm-97 (1997). Lignin and
alpha-cellulose contents were quantified utilizing TAPPI T 222
om-2 (2006) and TAPPI T 203 cm 99 (1999). Holocellulose
content in wood samples was analyzed utilizing the acid chlorite
method (Browning 1967).

Data Analysis

Common general linear models described by Hocking et
al. (1978), Setiadi et al. (2021), Baskorowati et al. (2022),
Purwanto et al. (2022), and Susanto et al. (2024) were utilized
in this research. An analysis of variance (ANOVA) was carried
out in order to investigate differences among families on the
basis of the linear model presented below:

Y, =utR+F +e, (1)

ikl

where, Y, = plot mean at " family and " replicate; p = overall
mean; R, = effect of the /" replicate; F ;= effect of the j™ fam-
ily; and E, = residual error with a mean of zero.

Individual tree heritabilities (h?) was calculated based on
Williams et al. (2002):

h? = 1/r* Gz/czp ()

where, r = coefficient of relationship; 6° = variance between

lieg: 2 — o 3 — 2 2 . =
families; 6° = phenotypic variance = (¢° + ¢° ); and 6" =
variance between plot.
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Figure 2. Layout of research plot at the Subanjeriji Trial.
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Phenotypic coefficient of variation (PCV) (%) and genotypic
coefficient of variation (GCV) were estimated according to
Burton and DeVane (1953).

PCV =¥ x 100 3)
X

GCV = Y%8 x 100 4)
X

where, 6> g = variance component of genotypic = 6?A; 6?A =
variance component of additive = 1/r * 6° ; 6°p = variance com-
ponent of phenotypic; and X = mean of value of wood properties.

Genetic correlations (denoted rg) were calculated according
methodologies described by Williams et al. (2002):

Cov;(X,Y)
r,= (5)
[0% (x) - &% (y)]12

where, Cov;(X,Y) = covariance of the two traits at family
level; 6%, (x) = family-level variance components of trait (x);
and sz (y) = family-level variance components of trait (y).

Expected genetic gain (denoted AG) in the trial was estimated
based on Shelbourne (1992):

AG=i-c? I (6)

where, I = selection intensity; c2p = phenotypic variance; and
h’ = individual heritability for the trait of interest.

Results

Measurements and analyses of wood properties in 3-year-old
A. mangium progeny trials at Subanjeriji in South Sumatra are
shown in Tables 1-4. The mean and range of wood qualities

evaluated, together with the genetic and phenotypic variety
are presented in Table 1.

The range of phenotypic coefficients of variation of wood
properties in the progeny trials ranged from 3.53% to 19.62%
(Table 1), indicating that the phenotypic variance of wood
properties was relatively small. The genotypic coefficient of
variance in the progeny test was from 1.83% to 9.91%. This
indicated that the genetic variation was also low. Individual
heritability estimates for wood properties in the study ranged
from low to high (h? = 0.09 to 0.37), indicating that not all
wood properties were strongly controlled by genetics.

Pilodyn penetration, moisture content, specific gravity, fiber
length, holocellulose content, and alpha cellulose content all
differed significantly amongst families (Table 2). Cell wall
thickness, lumen diameter, extractive content, and lignin content
did not differ significantly between families.

The genetic and phenotypic correlations between wood prop-
erties in the third-generation 4. mangium progeny test at
Subanjeriji are displayed in Table 3. Several wood properties
exhibited significant genetic and phenotypic relationships
among themselves (Table 3). Strong negative and positive
genetic correlations are essential in tree selection activities
based on wood characteristics.

The evaluation of genetic gain for wood properties of 3-year-
old A. mangium in the third-generation progeny test in the
Subanjeriji Trial is shown in Table 4. Estimated genetic gains
for wood qualities from 3-year-old 4. mangium in the third-
generation progeny test in the Subanjeriji Trial are presented in
Table 4. Genetic gain ranged from 1.78% to 9.72%, contingent
upon a selection intensity of 10% for identifying the superior
trees within the progeny test population.

Table 1. Mean, phenotypic coefficient of variation (PCV), genotypic coefficient of variation (GCV) and individual heritability (h*) of Acacia

mangium wood properties.

Wood property Variation ranges x+SD PCV (%) GCV (%) h?,
Pilodyn penetration 7.50-15.75 (mm) 11.22 (£1.42) mm 11.69 6.36 0.30
Moisture content 51.50-330.18 (%) 117.18 (£32.90) % 10.15 5.77 0.15
Specific gravity 0.22-0.72 0.44 (+0.07) 16.70 9.91 0.37
Fiber length 0.76-1.20 (mm) 1.01 (£0.06) mm 5.77 3.13 0.35
Cell wall thickness 2.41-5.00 (um) 3.05 (£0.41) pm 13.56 427 0.09
Lumen diameter 7.59-19.44 (um) 12.32 (£2.13) um 17.33 6.34 0.13
Extractive content 1.60-7.14 (%) 3.64 (x1.15) % 19.62 9.11 0.24
Lignin content 19.35-39.45 (%) 24.10 (£5.57) % 11.85 5.46 0.21
Holocellulose content 63.63-83.95 (%) 74.83 (£3.93) % 3.53 1.83 0.27
Alpha cellulose content 53.08-68.82 (%) 68.03 (£3.86) % 9.99 6.09 0.37

Notes: X+SD = Mean and standard deviation.
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Table 2. Analysis of variance (ANOVA) of Acacia mangium wood
properties.

Wood properties /

Variance Sources bf MS Pr=F

Pilodyn penetration
Replications 9 7.633 <0.0001**
Families 51 3.683 <0.0001**
Error 740 1.236

Moisture content
Replications 9 0.004 <0.2171%*
Families 51 0.004 <0.0491*
Error 740 0.002

Specific gravity
Replications 9 0.061 <0.0001%**
Families 51 0.007 <0.0001**
Error 262 0.003

Fiber length
Replications 9 0.006 0.0525
Families 51 0.005 0.0038%**
Error 267 0.002

Cell wall thickness
Replications 9 0.358 0.0200*
Families 51 0.137 0.7390
Error 267 0.160

Lumen diameter
Replications 9 2.455 0.8410
Families 51 5.272 0.2152
Error 267 4.505

Extractive content
Replications 9 0.923 0.0428
Families 51 0.650 0.0529
Error 264 0.468

Lignin content
Replications 9 12.702 0.0948
Family 51 10.122 0.0768
Error 264 7.579

Holocellulose content
Replications 9 15.976 0.0074%**
Family 51 9.271 0.0235*
Error 264 6.202

Alpha cellulose content
Replication 9 470.365 <0.0001%*%*
Family 51 61.353 <0.0001**
Error 269 26.973

Notes: ns = not significant; * = significant at level of 0.05; ** = significant at level of 0.01.

Discussion

Significant differences among families were observed for pi-
lodyn penetration, specific gravity, fiber length, holocellulose
content, and alpha cellulose content. The findings indicated
that pilodyn penetration, moisture content, specific gravity,
fiber length, holocellulose content, and alpha cellulose con-
tent were influenced by family variation, suggesting genetic
control. These wood properties must be considered in forestry
breeding programs to meet the seedling needs for wood qual-
ity suitable for pulp production. Specific gravity, fiber length,
holocellulose content, and alpha cellulose concentration are
essential for pulp production (Arisman 1996; Lestari 2012).

Wood properties revealed that the third-generation A. mangium
progeny test showed significant variances among individual
trees (Table 1). This signifies that wood properties must be ac-
knowledged as genetic variables in the breeding of A. mangium
and establishes a basis for choosing the most suitable trees with
superior wood quality. The selection of trees for wood qualities
is based on individual heredity. Fiber length, specific gravity,
extractives content, lignin content, alpha cellulose content,
and holocellulose content demonstrate significant heritability;
hence, these wood qualities need meticulous attention in tree
selection to obtain superior wood quality.

Alpha-cellulose is essential for assessing cellulose purity. The
presence of lignin and extractives adversely affects pulp quality.
Nonetheless, there was no substantial difference between fami-
lies in the progeny test regarding lignin and extractive content;
so, these two factors may be excluded from consideration in
tree selection, since they do not influence the quality of the
resultant pulp. This study revealed significant variability in
wood properties among 3-year-old third-generation A. mangium
(Table 1). Thus, wood characteristics must be considered within
the genetic criteria for the breeding of A. mangium.

Average specific gravity of the third generation of A. mangium
at the age of 3 years was 0.44, with a variation range that ex-
tended from 0.22 to 0.72. This indicates that the trees possess
qualities that are suitable for pulp production. Other research
indicates that the ideal specific gravity range of 4. mangium
for pulp production is 0.37 to 0.46 (Arisman 1996). Susanto
et al. (2013) examined the specific gravity of 17 provenances
in the first generation of 5-year-old A. mangium progeny tests
in Wonogiri, Central Java, and found that variances in specific
gravity between provenances ranged from 0.40 to 0.47. Specific
gravity of the trees from both the first and third generations
provided promising potential for pulp manufacturing.
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Table 3. Genetic (above the cross) and phenotypic correlation (under the cross) between wood properties of Acacia mangium.

PP SG Ext HC Lig AC FL LD CW MC
PP -0.67 -0.98 -0.22 0.58 -0.96 0.00 -0.48 0.55 0.46
SG -0.68 0.16 0.03 -0.24 0.53 -0.32 0.00 0.00 0.61
Ext 0.01 0.06 0.34 0.60 -0.57 -0.43 0.00 0.00 0.00
HC 0.16 0.25 0.08 -0.92 -0.08 -0.43 0.72 -0.54 0.00
Lig -0.13 0.17 0.23 -0.90 -0.11 0.45 -0.65 0.37 0.00
AC -0.12 0.25 -0.04 0.06 0.01 -0.01 0.00 0.44 0.00
FL 0.32 0.12 -0.02 0.10 -0.10 -0.03 0.00 0.00 -0.50
LD 0.13 0.08 0.06 -0.04 -0.06 0.04 0.00 -0.82 0.00
CcwW 0.11 0.06 -0.02 -0.05 0.04 -0.13 0.14 -0.03 0.00
MC 0.35 -0.49 0.00 0.00 0.00 0.00 0.19 0.00 0.00

Notes: PP = Pilodyn penetration; SG = Specific gravity; Ext = Extractive content;
HC = Holocellulose content; Lig = Lignin content; AC = Alpha cellulose;
FL = Fiber length; LD = Lumen diameter; CW= Cell wall thickness; MC = moisture content

This study revealed that the average cell wall thickness was
3.05 um, with a range from 2.41 to 5.00 um. Average lumen
diameter was 12.27 um, with a range from 7.59 to 19.44 pm.
Average fiber length was 1.01 mm, with a range from 0.76 to
1.2 mm. Variability in cell wall thickness, lumen diameter, and
fiber length in progeny tests are of fundamental importance
in breeding trials. Although the average fiber length in the
third-generation progeny test was greater than that for the first
generation of A. mangium in Pelaihari, South Kalimantan, at 22
months of age, at 0.89 mm (Susanto et al. 2012), it was shorter
than the fiber length of the first generation at the Wonogiri Trial
at the age of 5 years, which was 1.04 mm (Susanto et al. 2013).
The generational differences, geographic variations, and age
when fiber length was measured are factors that contribute to
the variations in fiber length in 4. mangium. Variations in fiber
length of A. mangium trees have also been studied in Central
Java (Hasegawa et al. 2009).

Average extractive content of 3-year-old third-generation
A. mangium was 3.64%, lignin content was 24.10%, holocel-
lulose content was 74.83%, and alpha cellulose content was
68.03%. The lower alpha cellulose content demonstrated that
it is appropriate for use as a raw material in the paper industry
(Lestari 2012). In contrast to the findings of other investiga-
tions on Eucalyptus pellita, the results of this specific inquiry
are presented in Table 5.

Extractive content of 4. mangium was lower than that of E.
globulus, which was reported at 6% in West Ridgley, Tasmania
(Poke et al. 2005), and lower than the extractive content of
Acacia melanoxylon in Portugal (Lourenco et al. 2008). Lignin
level was lower than that of E. globulus, which was 28.48%.
Holocellulose and alpha cellulose content were superior to those

Table 4. Genetic gain estimation of Acacia mangium wood properties.

Traits ap i ", AG %
Pilodyn penetration (mm) 1.32 1.75 0.30 6.16
Moisture content (%) 5.74 1.75 0.15 1.51
Specific gravity 0.07 1.75 0.37 9.72
Fiber length (mm) 0.06 1.75 0.35 3.57
Cell wall thickness () 0.41 1.75 0.09 1.78
Lumen diameter (p) 2.13 1.75 0.13 4.01
Extractive content (%) 0.71 1.75 0.24 6.95
Lignin content (%) 2.85 1.75 0.21 4.22
Holocellulose content (%) 2.64 1.75 0.27 1.77
Alpha cellulose content (%) 6.80 1.75 0.37 6.53

Notes: o°p = variance component of phenotypic; i = selection intensity; 47, = individual
heritability; AG % = % genetic gain of population mean in progeny test.
Selection proportion was 10%.

Table 5. Alpha cellulose, lignin, and extractive contents of Eucalyptus
pellita in three locations.

Alpha cellulose Lignin Extractive
(%) (%) (%) Location
49.02 29.49 — South Kalimantan
(Lukmandaru et al. 2016)
48.45 29.82 5.87 Central Java
(Fatimah et al. 2015)
— 29.90 10.11 East Kalimantan

(Taufighaqiqi et al. 2022)

of other species: E. globulus has a holocellulose content of
42.40% (Poke et al. 2005); Antocephalus spp. a holocellulose
content of 39.20%:; and Falcataria moluccana exhibited holo-
cellulose and alpha cellulose contents of 63.39% and 40.43%,
respectively (Indrawan et al. 2015). The reduced extractives
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and lignin contents, along with elevated holocellulose and alpha
cellulose levels in the A. mangium progeny test at Subanjeriji,
are crucial for breeding initiatives aimed at enhancing seed
quality for the pulp and paper sector.

The third-generation A. mangium progeny test revealed medium
to high individual heritability for pilodyn penetration, holocellu-
lose content, lignin content, extractive content, specific gravity,
fiber length, and alpha-cellulose content (Table 2). Moderate
to high individual heritability was seen in first-generation A.
magium progeny tests in Peleihari, South Kalimantan, and
Wonogiri, Central Java, as well as in E. urophylla progeny
tests in Vietnam and E. nitens progeny tests in East Victoria,
Australia. The individual heritability values for pilodyn penetra-
tion were 0.62 in 4. mangium in Peleihari and 0.30 in Wonogiri,
0.42 in E. urophylla, and 0.60 in E. nitens. The individual
heritabilities for specific gravity were 0.35 in A. mangium in
Pelaihari and 0.57 in Wonogiri, 0.60 in E. urophylla, and 0.73
in E. nitens (Greaves et al. 1996; Kien et al. 2008; Susanto et
al. 2012; Susanto et al. 2013).

Despite exhibiting moderate to high heritability, these wood
properties do not inherently possess a large genetic coefficient
of variation (GCV) (Table 2). The genetic variation of wood
properties is low, as evidenced by their GCV and PCV being
less than 20%. However, values with GCV or PCV over 5%
included pilodyn penetration, moisture content, specific gravity,
lumen diameter, extractives, lignin, and alpha cellulose. These
wood properties exhibited more additive genetic variance;
hence, these should be factored into tree selection. Research
on genetic coefficient of variation and heritability concerning
tree selection based on wood density and growth in forest trees
has been conducted by Cornelius (1994).

The wood properties studied showed low genetic variation
(Table 2). Low genetic variation in wood properties means
that the tree selection will yield genetic gains in accordance
with genetic diversity (Table 4). Decreased additive variance of
wood properties resulted from the A. mangium tree population
being a third-generation progeny test, which had undergone
a selection process for genetic value, hence reducing genetic
diversity. Investigations on the reduction of additive variance
across succeeding generations indicated that additive vari-
ance diminished during several selection cycles, leading to
decreased genetic variation relative to the initial generation
(van der Werf and de Boer 1990).

The substantial negative genetic correlation between pilodyn
penetration and specific gravity, extractive content, and alpha
cellulose indicated that pilodyn penetration may be effective in

tree selection (Table 3). Minimal damage to the tree makes it
much simpler to choose trees based on the characteristics of the
wood in the standing tree. An increase in holocellulose content
will result in a reduction in lignin and extractive content, while
an increase in wood density may also reduce lignin content.
This negative correlation between these wood properties is
highly advantageous for pulp and paper production. The strong
correlation between pilodyn penetration and other wood prop-
erties is advantageous for the selection of trees in A. mangium
progeny assays to optimize pulp and paper production. Rapid
tree selection has the potential to enhance alpha cellulose,
while simultaneously reducing the amounts of lignin and ex-
tractive content. Cown and Hutchison (1983) found a strong
correlation between pilodyn penetration and basic density in
Pinus radiata in New Zealand and suggested that this device
could have an application for rapid non-destructive measure-
ment of wood properties. The pilodyn has a long history of
use as a non-destructive method for evaluating density in tree
breeding programs (Sprague et al. 1983; Woods et al. 1995;
Hansen 2000). Wood density and pilodyn pin penetration were
significantly negatively correlated (Wei and Borralho 1997;
Wu et al. 2010, 2011; Hidayati et al. 2019). Research on the
pilodyn for assessing genetic improvements of wood density
and selecting Cryptomeria japonica trees has been conducted
in Japan (Fukatsu et al. 2011).

Genetic or phenotypic correlations between moisture content
and other wood properties, such as extractives, holocellulose,
lignin, alpha cellulose, lumen diameter, and cell wall thickness
were weak. Moisture content was poorly correlated with pilo-
dyn penetration, specific gravity, and fiber length, suggesting
that moisture content does not impact other wood qualities
relevant to the selection process. A significant negative ge-
netic correlation was found between pilodyn penetration and
specific gravity in the first-generation 4. mangium progeny
test in Pelaihari, South Kalimantan, with r= -0.83, and in
Wonogiri, Central Java, with r,= -0.91 (Susanto et al. 2012,
2013). Strong negative correlations between pilodyn pin pen-
etration and basic density were also found in P. radiata with r
=-0.80 (Cown and Hutchison 1983). Other progeny tests have
revealed strong negative phenotypic and genetic correlations
between pilodyn pin penetration and specific gravity in various
species, including E. urophyla in Guangxi Zhuang Autonomous
Region, with r,=-1.00 and r =-0.80 (Wei and Borralho 1997);
C. japonica in Japan, with r= -0.92 (Yamashita et al. 2007);
and E. urophyla in Vietnam, with r, = -0.86 (Kien et al. 2008),
as well as E. nitens in eastern Victoria, Australia, with r, =
-0.92 and r = -0.59 (Greaves et al. 1996).
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Our research suggests that the negative genetic and phenotypic
correlations between fiber length and other wood properties
were weak. As a result, it is useful to select trees with high
alpha cellulose or holocellulose contents without diminishing
fiber length. A study on E. globulus in Northwestern Tasmania
revealed a weak genetic correlation (r, = 0.21) between the
fiber length and specific gravity (Apiolaza et al. 2005). A weak
genetic correlation was observed in the A. mangium progeny
test between specific gravity and fiber length, extractive content
and holocellulose content, lignin content and specific gravity,
and lignin content and cell thickness. A weak or moderate
correlation between these wood properties implied that they
were insufficient for estimating wood properties.

Specific gravity, fiber length, holocellulose content, and al-
pha cellulose were anticipated to improve by 9.72%, 3.57%,
1.77%, and 6.53%, respectively, following selection at 3 years
of age (Table 4). The projections in wood properties may be
considered cautious, due to the exclusion of some factors from
these computations. Concurrently, extractive content and lig-
nin content may decrease by 6.95% and 4.22%, respectively
(Table 4). However, it is important to note that for the families
in Subanjeriji, this degree of improvement is necessary to
align the selected population’s wood properties with those of
the 4. mangium plantation in Indonesia. This study’s results
demonstrate significant improvements in the commercial wood
quality of A. mangium by selection and breeding. A program is
now in progress in South Sumatra involving the progeny test
of A. mangium at the Subanjeriji trial, aimed at converting it
into a seedling seed orchard. The anticipated result of utilizing
improved A. mangium seeds is a more efficient pulp and paper
industry in Indonesia, yielding higher profits for companies
and thus providing a stronger incentive to replace declining
plantations with superior germplasm. An anticipated substantial
advantage from a more efficient A. mangium is expected for
several pulp and paper facilities in Indonesia.

Conclusions

Analysis of wood properties and genetic parameters in the
third-generation offspring test of 4. mangium indicated that
genetic variations in wood properties were relatively low;
however, there were moderate to high heritability values for
attributes such as pilodyn penetration, holocellulose content,
lignin content, extractive content, specific gravity, fiber length,
and alpha-cellulose content. Consequently, these wood prop-
erties can serve as a basis for tree selection to enhance wood
quality. Pilodyn penetration, which was strongly genetically
correlated with wood properties, can be employed for tree

selection to improve wood quality without causing damage
to the tree stem. Concurrently, specific gravity, fiber length,
holocellulose content, and alpha cellulose can be enhanced,
while diminishing extractive content and lignin, thus improving
the quality of the resultant wood for pulp production.

Acknowledgments:

Authors thank Mohammad Naiem, Eko Bhakti Hardiyanto,
T.A. Prayitno, Junji Matsumura, Koki Fujita for their help
in the research; PT. Musi Hutan Persada (MHP) for Acacia
mangium progeny test at Subanjeriji, South Sumatra; Ministry
of Forestry, Indonesia; Gadjah Mada University and Kyushu
University for their supporting in the research; Staffs of PT.
MHP for their help in the wood sample collection and field
measurement.

Authors’ contributions

Mudji Susanto: Conceptualization, methodology, investiga-
tion, wood chemical analysis, parameter genetic analysis,
writing original draft, and editing. Masumi Hasegawa: Review
on article and supervision on lab. for wood analysis. Ganis
Lukmandaru: Review on chemical analysis. Setiyo Budi:
Fiber dimension analysis. Mashudi: Wood sample prepara-
tion. Liliana Baskorowati: Review on article and editing.
ILG Nurtjahjaningsih: Review on genetic. Rina Laksmi H:
Review on method. Sugeng Pudjiono: Data curation. Dedi
Setiadi: Checking data for analysis. Sumardi: Data prepara-
tion of wood chemical properties. Ratih Damayanti: Review
on wood properties. Budiman Achmad: Data analysis. Andy
Bhermana: Writing for spatial distribution of Acacia mangium
and visualization; Yusuf Sigit Ahmad Fauzan: Data prepara-
tion of wood physical properties. Fanny Hidayati: Review on
wood physical properties analysis and editing.

References

Apiolaza, LA, Raymond CA, Yeo BJ (2005) Genetic variation of physical
and chemical wood properties of Eucalyptus globulus. Silvae Genet
54(1-6):160-166. https://doi.org/10.1515/sg-2005-0024

Arisman H (1996) A tree improvement program for a pulpwood plantation
project in Sumatra, Indonesia. In A Widyatmoko AYPBC Suhaendi H
Furukoshi T, eds. Tropical Plantation Establishment Improving Produc-
tivity Through Genetic Practices, Proceedings International Seminar
19-21 December 1996, Yogyakarta Indonesia. Yogyakarta: Forest Tree
Improvement Research and Development Institute Part [V 20-26.

Baskorowati L, Purwanto, Hendrati RL, Setiahadi R, Susanto M, Nurtjahyan-
ingsih I, Mashudi, Kurniawan A, Pudjiono S, Setiadi D, Sumardi (2022)
The approach in selecting the best genetic resistance against invasive aphid
for indigenous tropical Pinus merkusii Jungh. et de Vriese in Indonesia.
Forests 13(3):451. https://doi.org/https://doi.org/10.3390/f13030451

Browning BL (1967) Methods of wood chemistry. Interscience Publishers.
A Division of John Wiley and Sons.



120 Wood and Fiber Science, July 2025, V. 57(3)

Burton GW, DeVane EH (1953) Estimating heritability in tall fescue (Festuca
arundinacea) from replicated clonal material. Agron J 45(10):478—-481.
https://doi.org/https://doi.org/10.2134/agronj1953.000219620045001
00005x

Cornelius J (1994) Heritabilities and additive genetic coefficients of variation
in forest trees. Can J For Res 24(2):372-379. https://doi.org/10.1139/
x94-050

Cown DJ, Hutchison JD (1983) Wood density as an indicator of the bending
properties of pinus radiata poles. N Z J For Sci 13(1):87-99. https://
www.scionresearch.com/  data/assets/pdf file/0009/36477/NZJFS-
1311983COWNS87_99.pdf

Fatimah S, Susanto M, Lukmandaru G (2015) Study of chemical components
of Eucalyptus pellita F. Muell from trees plus second generation offspring
test results in Wonogiri, Central Java. Jurnal [lmu Kehutanan 7(1):57.
https://doi.org/10.22146/jik.6138

Fengel D, Wegener G (1995) Wood: chemical, ultrastructure, reactions.
Gadjah Mada University Press.

Fukatsu E, Tamura A, Takahashi M, Fukuda Y, Nakada R, Kubota M,
Kurinobu S (2011) Efficiency of the indirect selection and the evalua-
tion of the genotype by environment interaction using pilodyn for the
genetic improvement of wood density in Cryptomeria japonica. J For
Res 16:128-135. https://doi.org/doi.org/10.1007/s10310-010-0217-6

Goreti T, Muin A, Burhanuddin B (2021) Diversity of undergrowth of Acacia
mangium plants on Mandor Green Hill, Landak Regency. Jurnal Hutan
Lestari, 9(1):14. https://doi.org/10.26418/jhl.v911.45320

Greaves BL, Borralho NMG, Raymond CA, Farrington A (1996) Use of a
pilodyn for the indirect selection of basic density in Eucalyptus nitens.
Can J For Res 26(9):1643—1650. https://doi.org/10.1139/x26-185

Hansen CP (2000) Application of the pilodyn in forest tree improvement.
Danida Forest Seed Centre, Denmark, pp. 1-11.

Harwood CE, Hardiyanto EB, Yong WC (2015) Genetic improvement of
tropical acacias: achievements and challenges. South For 77(1):11-18.
https://doi.org/10.2989/20702620.2014.999302

Hasegawa M, Wakimoto R, Yoshida E, Shimizu K, Kondo R, Widyatmoko
A, Nirsatmanto A, Shiraishi S (2009) Provenance variation in growth
and wood properties of A. mangium and A. auriculiformis in Central
Java, Indonesia: selecting potential hybrid parents for good provenance.
Bulletin of Kyushu University Forestry 90(25-37).

Hegde M, Palanisamy K, YiJS (2013). Acacia mangium Willd. - A fast grow-
ing tree for tropical plantation. J For Environ Sci 29(1):1-14. https://doi.
org/10.7747/JFS.2013.29.1.1

Hidayati F, Lukmandaru G, Indrioko K, Sunarti S, Nirsatmanto A (2019)
Variation in tree growth characteristics, pilodyn penetration, and stress-
wave velocity in 65 families of Acacia mangium trees planted in Indo-
nesia. J Korean Wood Sci Tech 47(5):633—643. https://doi.org/10.5658/
WOO0D.2019.47.5.633

Hidayati F, Ishiguri F, lizuka K, Makino K, Takashima Y, Danarto S, Winarni
WW, Irawati D, Na’iem M, Yokota S (2013a) Variation in tree growth
characteristics, stress-wave velocity, and pilodyn penetration of 24-year-
old teak (7ectona grandis) trees originating in 21 seed provenances
planted in Indonesia. ] Wood Sci 59(6):512—-516. https://doi.org/10.1007/
s10086-013-1368-9

Hidayati F, Ishiguri F, lizuka K, Makino K, Tanabe J, Marsoem SN, Na’iem
M, Yokota S, Yoshizawa N (2013b) Growth characteristics, stress-wave
velocity, and pilodyn penetration of 15 clones of 12-year-old Tectona
grandis trees planted at two different sites in Indonesia. J] Wood Sci
59(3):249-254. https://doi.org/10.1007/s10086-012-1320-4

Hocking RR, Hackney OP, Speed FM (1978) The Analysis of Linear Models
with Unbalanced Data. In Contributions to Survey Sampling and Applied
Statistics (pp. 133—151) Elsevier. https://doi.org/10.1016/B978-0-12-
204750-3.50016-2

Indrawan DA, Efiyanti L, Tampubolon RM, Roliadi H (2015) The manu-
facture of pulp for wrapping paper from alternative fiber stuffs. Jurnal
Penelitian Hasil Hutan 33(4):283-302.

Ishiguri F, Matsui R, lizuka K, Yokota S, Yoshizawa N (2008) Prediction of
the mechanical properties of lumber by stress-wave velocity and Pilodyn
penetration of 36-year-old Japanese larch trees. Holz Als Roh- Und
Werkstoff 66(4):275-280. https://doi.org/10.1007/s00107-008-0251-7

Kien ND, Jansson G, Harwood C, Almqvis C, Thin HH (2008) Genetic varia-
tion in wood basic density and pilodyn penetration and their relationships
with growth, stem straightness, and branch size for Eucalyptus urophylla
in Northern Vietnam. N Z J For Sci 38(1):160-175.

Krisnawati H, Kallio M, Kanninen M (2011) Acacia mangium Willd.: Ecol-
ogy, silviculture and productivity. CIFOR. https://www.cifor-icraf.org/
publications/pdf files/Books/BKrisnawatil101.pdf

Lestari SDW (2012) Holoselulosa. Saridewei Site. https://sardewforester.
blogspot.com/2012/01/ holoselulosa.html

Lourengo A, Baptista I, Gominho J, Pereira H (2008) The influence of
heartwood on the pulping properties of Acacia melanoxylon wood. J
Wood Sci 54(6):464—469. https://doi.org/10.1007/s10086-008-0972-6

Lukmandaru G, Zumaini, UF, Soeprijadi D, Nugroho WD, Susanto M (2016)
Chemical properties and fiber dimension of Eucalyptus pellita from the
2nd generation of progeny tests in Pelaihari, South Borneo, Indone-
sia. ] Korean Wood Sci Tech 44(4):571-588. https://doi.org/10.5658/
WOOD.2016.44.4.571

Nirsatmanto A, Kurinobu S (2002) Trend of within-plot selection practiced
in two seedling seed orchards of Acacia mangium in Indonesia. J For
Res 7: 49—-52. https://doi.org/10.1007/BF02762598

Nirsatmanto A (2016) Recycled genetic resource as an optional srategy
in advanced generation breeding for tropical species: a case study in
optimizing genetic resource for Acacia mangium breeding program.
Pp 762—772 in Siregar PDCA et al. (eds) Proceedings of International
Conference of Indonesia Forestry Researchers. III. Forestry Research
to Support Sustainable Timber Production and Selfsufficiency in Food,
Energy, and Water. 21-22 October 2016, Bogor.

Pereira H, Graca J, Rodrigues JC (2003) Wood chemistry in relation to qual-
ity. In Wood Quality and its Biological Basic (pp. 53-67).

Poke FS, Wright JK, Raymond CA (2005) Predicting extractives and lignin
contents in Eucalyptus globulus using near infrared reflectance analysis.
JWCT 24(1), 55-67. https://doi.org/10.1081/WCT-120035944

Purwanto, Baskorowati L, Sumarton P, Hendrati RL, Susanto M, Mashudi,
Setiadi D, Nurtjahyaningsih I, Pudjiono S, Kurniawan A, Putra PYAW,
Sumardi (2022) Evaluation of aphid resistance and oleoresin production
in indigenous tropical pine (Pinus merkusii Jungh. & de Vriese). Forests
13: 977. https://doi.org/10.3390/£13070977

Setiadi D, Susanto M, Baskorowati L, Mashudi, Pudjiono S (2021) Ge-
netic variation of Gmelina arborea Roxb in Trenggalek, East Java.
1OP Conference Series: Earth and Environmental Science. https://doi.
org/10.1088/1755-1315/914/1/012014

Shelbourne CJA (1992) Genetic gains from different kinds of breeding
population and seed or plant production population. South Afr For
J160(1):49-65. https://doi.org/10.1080/00382167.1992.9630411

Sprague JR, Talbert JT, Jett JB, Bryant RL (1983) Utility of the pilodyn
in selection for mature wood specific gravity in loblolly pine. For Sci
29(4):696-701. https://doi.org/10.1093/forestscience/29.4.696

Sunarti S, Nirsatmanto A, Brawner J, Setyaji T, Kartikaningtyas D, Handayani
BR, Surip, Hidayati F (2022) Effect of genetic gain in diameter and wood
density on advanced generation breeding strategy of Acacia mangium
in Indonesia. J Trop For Sci 34(1): 92—102. https://doi.org/10.26525/
jtfs2022.34.1.92

Susanto M, Baskorowati L, Hendrati RL, Nurtjahjaningsih ILG, Mashudi,
Pudjiono S, Setiadi D, Sumardi, Santoso Sulistiadi HB, Fauzan YSA,
Achmad B, Hadiyan Y, Haryjanto L (2024) Growth of indigenous moun-
tainous Indonesian Hibiscus macrophyllus in agroforestry system from
various age, seed sources and slopes. For Sci Technol 20(3):300-308.
https://doi.org/10.1080/21580103.2024.2385181

Susanto M, Naiem M, Hardiyanto EB, PrayitnoTA (2012) Genetic parameter
analysis of wood properties in combination of provenance and progeny


https://doi.org/10.26418/jhl.v9i1.45320
https://www.cifor-icraf.org/publications/pdf_files/Books/BKrisnawati1101.pdf
https://www.cifor-icraf.org/publications/pdf_files/Books/BKrisnawati1101.pdf
https://doi.org/10.1093/forestscience/29.4.696

Susanto et al.—Genetic variations in wood properties of third generation Acacia mangium Willd. progeny tests from Sumatra, Indonesia 121

trial of Acacia mangium in South Kalimantan. Jurnal Pemuliaan Tana-
man Hutan 6(3):131-142.

Susanto M, Naiem M, Hardiyanto EB, Prayitno TA (2013) Genetic variation
of wood properties in progeny trial of Acacia mangium on 5 years old in
Wonogiri, Central Java. Jurnal Manusia Dan Lingkungan 20(3):312-323.
https://doi.org/https://doi.org/10.22146/jml.18499

Sutedjo, Warsudi (2017) Measuring the invasive properties of Acacia mangium
Willd. in the Bukit Soeharto Research and Education Forest. Jurnal Hutan
Tropis 1(1):82-89. https://doi.org/10.32522/u-jht.v1i1.795

Suyanto, Soedjoko MA (2007) Invasion of Acacia mangium into Galam
Forest Wildlife Reserve, Pelaihari Tanah Laut. Warta Konservasi Lahan
Basah, 15(18-19).

TAPPI (1997) T 204 cm-97, Solvent extractives of wood and pulp. Technical
Association of the Pulp & Paper Industry Publications.

TAPPI (1999) T 203 cm-99, Alpha-, beta- and gamma-cellulose in pulp.
Technical Association of the Pulp & Paper Industry Publications. https://
webstore.ansi.org/standards/tappi/203cm99

TAPPI (2006) TAPPI T 222 om-02, Acid-insoluble lignin in wood and pulp
Technical Association of the Pulp & Paper Industry Publications.

Taufighaqiqi M, Hudaya D, Septiana HA, Ramadhan R, Yuliansyah Y, Suwi-
narti W, Amirta R (2022) Analysis of theultimate wood composition of a
forest plantation species, Eucalyptus pellita, to estimate its bioelectric-

ity potency. Biodiversitas 23(5):2389-2394. https://doi.org/10.13057/
biodiv/d230516

van der Werf JH, de Boer 1J (1990) Estimation of additive genetic vari-
ance when base populations are selected. JAS 68(10):3124. https://doi.
org/10.2527/1990.68103124x

Wei X, Borralho NMG (1997) Genetic control of wood basic density and
bark thickness and their relationships with growth traits of Eucalyptus
urophylla in South East China. Silvae Genet 46(4):245-250.

Williams ER, Matheson AC, Harwood CE (2002) Experimental Design and
Analysis for Tree Improvement. CSIRO Publishing.

Woods JH, Kolotelo D, Yanchuk AD (1995) Early selection of coastal
Douglas-fir in a farm-field test environment. Silvae Genet 44:178-186

Wu S-J, Xu J-M., Li G-Y, Risto V, Lu Z-H, Li B-Q, Wang W (2010) Use of
the pilodyn for assessing wood properties in standing trees of Eucalyptus
clones. J For Res 21: 68—72. https://doi.org/10.1007/s11676-010-0011-5

Wu S-J, Xu J-M, Li G-Y, Risto V, Lu Z-H, Li B-Q, Wang W (2011) Estima-
tion on basic density and modulus of elasticity of eucalypt clones in
Southern China using non-destructive methods. JTFS 23:51-56. https://
www.jstor.org/stable/23616879

Yamashita K, Okada N, Fujiwara T (2007) Use of the pilodyn for estimating
basic density and its applicability to density-based classifying of Cryp-
tomera japonica green logs. Mokuzai Gakkaishi 53(2):72-81.


https://webstore.ansi.org/standards/tappi/203cm99
https://webstore.ansi.org/standards/tappi/203cm99

