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Breeding of Acacia mangium in Indonesia was initially focused on selection for improving growth and 
stem form. Changes in wood density which resulted from selection for improved growth was impacted 
by adverse correlation between the both traits. This study aimed to quantify genetic gain in the diameter 
and wood density from two A. mangium breeding generations and to use this information in developing 
breeding strategy to improve both traits simultaneously. Materials were obtained from 4.5-year-old trees 
in a progeny trial consisting of families from first (F-1) and second (F-2) generations along with infused 
families (F-0) as control. Genetic gain was calculated as the percent increase in diameter and wood 
density from F-1 and F-2 over the control. Diameter and wood density from F-1 and F-2 were higher 
than F-0. Genetic gains for diameter increased from 3.7% in F-1 to 7.0% in F-2. Conversely, gain for 
wood density decreased from 1.9% in F-1 to 0.3% in F-2. Correlations between diameter and wood 
density varied from weak to moderate along the stem sections. The results imply a combined approach 
incorporating selection for diameter and wood density in mixed-breeding generations will provide 
simultaneous improvement in both traits.
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INTRODUCTION

Acacia mangium is a tropical Acacia species that 
is widely planted in Indonesia and the wet 
tropics. Acacia mangium is valued as a plantation 
species due to its fast growth and utility as a raw 
material for both sawn timber and the pulp and 
paper industry (Tsai 1988, Wong et al. 1988). 
Significant efforts have been made to improve 
breeding populations and silvicultural practices 
to increase productivity and resource utilisation 
(Harwood 2011, Hardiyanto & Nambiar 2014, 
Harwood et al. 2015, Nirsatmanto & Sunarti 
2019). Growth and wood quality are targets 
for improvement as they determine the quality 
and quantity of raw materials produced for 
industrial use.
 Wood density is one of the important wood 
characteristics which is commonly regarded 
as a key trait in determining wood quality as it 
strongly correlates with other wood properties 
and end products (Zobel & Buijtenen 1989, 
Bon et al. 2020). Selection is the main activity 

in a breeding programme for improving 
targeted traits, such as wood density. However, 
adverse genetic correlation (i.e. negative 
correlation) between growth and wood density 
has led to difficulties in improving both traits. 
For example, selection for growth in Eucalyptus 
camaldulensis (Kien et al. 2010) and Pinus 
radiata (Kennedy et al. 2014) have caused 
reduction in wood density.
 Early tree breeding programme of A. 
mangium in Indonesia was focused on selection 
for growth and form traits (Nirsatmanto & 
Kurinobu 2002). Under this programme, 
changes in wood density were achieved 
indirectly since selection for improved growth 
and form was the primary focus. The negative 
correlation provided a challenge to improving 
wood density in A. mangium breeding so that 
selection for wood density and growth may 
be achieved simultaneously. Although the 
current breeding of A. mangium in Indonesia 



Journal of Tropical Forest Science 34(1): 92–102 (2022) Sunarti S et al.

© Forest Research Institute Malaysia 93

is entering its successive third-generation 
cycle (Nirsatmanto 2016), reports on genetic 
improvement in wood density are quite 
rare. Quantifying changes in wood density 
following past selection for growth and form 
traits is crucial to understand how A. mangium 
breeding programme in Indonesia should 
move forward. 
 The objectives of this study were to 
(1) quantify genetic gain in diameter and 
wood density from two successive breeding 
generations of A. mangium, and (2) use this 
information to develop breeding strategy to 
improve both traits simultaneously. The results 
of study will be a useful point of reference 
in evaluating past breeding programmes of 
A. mangium with respect to improving wood 
quality and productivity, using non-destructive 
assessments of wood density.

MATERIALS AND METHODS

Stand and sample trees

The assessment was conducted in a third-
generation progeny trial of A. mangium which 
was established in Central Java, Indonesia      
(7� 32' S, 110� 41' E) at an elevation of 141 m 
above sea level. The soil type is Vertisol and 
mean annual rainfall, maximum and minimum 
temperatures at the site are 1850 mm, 33.23  
and 21.21�C respectively. The stand consisted 
of 65 open-pollinated families that were 
derived from three sources: (1) 27 plus tree 
selected from the second-generation progeny 
trials, (2) 17 plus trees from first-generation 
progeny trials, and (3) 21 plus trees from the 
natural populations as infused families. These 
three plus-tree populations are hereafter 
referred to as F-2, F-1 and F-0 respectively. 
The families were planted in a progeny trial 
that was established in a randomised complete 
block design with six replications containing a 
four tree-row plots of each family at a spacing 
of 4 m × 2 m. Two successive thinnings were 
carried out to remove the poorest two trees in 
each plot at age 2 years, and the poorer tree of 
the remaining two trees in each plot at age 4.5 
years to convert the stand to a seedling seed 
orchard.
 Of the 552 remaining trees after the first 
thinning, 270 trees were removed in the second 
thinning and 186 trees were sampled for wood 

density. Wood samples were taken from trees 
with a diameter at breast height (DBH) within 
one standard deviation of the mean that had at 
least a 5-m bole length. Diseased trees were not 
sampled. Before felling, an indirect assessment 
of density was taken using the pilodyn wood 
tester on the northern, southern, western and 
eastern sides of the stem at breast height. The 
sampled trees were then felled and three knot-
free discs with a width of 5 cm were taken at 1 
m intervals from breast height up, which are 
hereafter referred to as Section-1, Section-2 
and Section-3 (Figure 1). The diameter was 
measured for each disc using diameter tape 
and the discs were immediately stored in sealed 
plastic bags for transfer to the laboratory for 
measurement of fresh weight.

Figure 1  Preparation of wood samples from three 
sections along the stem

Wood samples and wood density 
assessments

Bark was removed from sections and cut 
into samples measuring 3 cm thick and 2 cm 
wide and oriented along the north–south 
axis so that each sample was 3 cm × 2 cm × 
diameter (Figure 1). The green weight of 
each sample was measured using electronic 
balance, and the volume of green wood was 
determined using the water displacement 
method. Samples were then oven dried at 103 
± 2 �C for three days until constant weight 
was achieved. Wood density was determined 
as the oven dry matter weight (kg) per unit 
volume of green wood (m3). 
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Statistical analysis 

SAS software package was used for analyses 
of variance (ANOVA) to determine the 
significant of differences in wood density and 
diameter using individual sample tree data 
(yijkl) with completely randomised design. 
The statistical model included the following 
factors: population, generation and family 
within generation. The linear model used for 
the ANOVA is provided in equation 1.

yijkl = µ + Pi + Gj + F/Gjk + eijkl (1)

where, µ is the overall mean, Pi is the ith 
population effect, Gj the jth generation effect, 
F/Gjk is the kth family effect in jth generation, 
and eijkl is the experimental error associated 
with yijkl observation. In this analysis, the 
population factor differentiated the improved 
population (i.e. combination of F-1 and F-2) 
from the unimproved population (F-0). The 
generation factor represented the F-0, F-1 
and F-2 populations comprising 21, 17 and 27 
families respectively. 
 Genetic gain was calculated as the difference 
between each of the improved population (F-1 
and F-2), and the unimproved population (F-0). 
Least-square means for each population were 
estimated from the linear model (equation 1). 
The percentage of relative gain was calculated 

relative to the mean value of each measured 
trait (diameter and density) of the control (F-
0). The four pilodyn observations from each 
tree were averaged and treated as a single 
observation. Pearson’s correlation coefficients 
were used to determine the significance of 
relationships between diameter, wood density 
and pilodyn assessments.

RESULTS AND DISCUSSION

Descriptive statistics

Means values of DBH (± standard deviations) 
of the trees before second thinning at 4.5 years 
of age were 14.5 ± 3.1 cm, 14.9 ± 2.7 cm, 15.4 ± 
2.6 cm for F-0, F-1 and F-2 respectively (results 
not shown). Diameter distribution of the 186 
sampled trees within the 552 standing trees 
prior to the second thinning showed that more 
than 80% of the sample trees were within one 
standard deviation of the mean DBH of all trees 
in the stand (Figure 2). This indicated that the 
trees from which samples were collected were 
a representative sample that was suitable to 
examine the levels of genetic improvement 
achieved in the A. mangium breeding 
programme.
 The significance of differences varied 
among the treatments, and only three of 
nine parameters were significantly different 

Figure 2 Distribution of diameter at breast height of 186 selected sample trees within the 552 trees from 
65 families included in the trial 
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Table 1 Degrees of freedom (df) and mean square values for factors included in the 
analysis of diameter from three sections of 4.5-year-old Acacia mangium

Source of variance                    df
Mean square 

Section-1 Section-2 Section-3
Population 1 29.805* 18.344* 10.476ns

Generation 2 18.576ns 13.066* 7.179ns

Family/generation 62  6.546ns 3.865ns 4.392ns

* = significant at 5% level, ns = not significant
 

(p < 0.05); significant differences between 
populations for diameters of Section-1 and 
Section-2, and between generations for the 
Section-2 (Table 1). Differences between 
families were insignificant across all three 
sections, probably due to experimental error 
given the number of sample trees (186 trees) 
for the ANOVA was small. In other studies, 
significant differences among families of A. 
mangium for DBH were found when 1265 
trees (p < 0.01) were sampled at 3 years of age 
(Nirsatmanto 2016) and 278 trees (p < 0.05) at 
6 years of age (Hidayati et al. 2019).
 For wood density, the population (p < 0.01) 
and generation (p < 0.05) factors were different 
in Section-3 (Table 2). These were due to the 
low wood density of the F-0 (Table 3). No other 
parameters were different at a 5% significance 
level. Families were not significantly different 
for all sections and for the average across 
sections.

Mean values and genetic gain

The differences and relative variation in 
diameter (cm) and wood density (kg m-3) 
for three sections are provided in Figure 
3. Sample trees from F-2 had the largest 
diameter, followed by F-1 and then F-0. 

Diameter decreased with higher sections at 
similar rates with a taper of approximately 
13%. For wood density, trees from F-1 and F-2 
had higher values than F-0. The wood density 
showed a nonlinear inflection across the three 
sections: Section-1 showed the highest value, 
followed by the lowest value in Section-2 and 
a subsequent increase in Section-3. Similar 
observations have been reported in other 
species, such as in Eucalyptus nitens (Raymond 
& Muneri 2001), Quercus petraea and Toona 
sinensis (Wassenberg et al. 2014). In contrast, 
Chowdhury et al. (2005) reported that density 
consistently decreased with increasing stem 
height for A. mangium in Bangladesh when 
older trees were sampled (> 10 years). 
 Mean values and genetic gain for diameter 
and wood density are presented in Table 3. 
Although the differences among treatments 
were insignificant (Tables 1 and 2), diameter 
growth and wood density of trees from F-1 and 
F-2 were greater than F-0 across all sections. DBH 
values were 15.5 ± 2.8 cm for F-1, 16.0 ± 2.2 cm 
for F-2 and 14.9 ± 2.7 cm for F-0. As expected, 
the gain in diameter in F-2 was greater (7.0%) 
than that in F-1 (3.7%). Differences decreased 
in samples collected from further up the stem. 
For F-1, improvements were slightly lower than 
the 1-year-old second-generation seedling 

Table 2 Degrees of freedom (df) and mean square values for factors included in the analysis of wood 
density from three sections of 4.5-year-old Acacia mangium

Source of variance df
Mean square 

Section-1 Section-2 Section-3 Average
Population 1 590.393 ns 2389.894ns 14821.212** 4304.463ns

Generation 2 1083.052 ns 4290.561ns 7822.796* 3357.880ns

Family/generation 62  2030.577 ns 2051.374ns 1978.692ns 1283.730ns

** = significant at 1% level, * = significant at 5% level, ns = not significant
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seed orchard of A. mangium established in 
Kalimantan (5%) but similar to the 4-year-old 
(Nirsatmanto et al. 2013). 
 Mean values of wood density at breast height 
were 425 ± 41.2, 419 ± 42.1 and 417 ± 53.1 
kg m-3 for F-1, F-2 and F-0 respectively (Table 

3). The densities across the three sections 
were 396 ± 36.5, 387 ± 33.0 and 380 ± 36.6 
kg m-3 for F-1, F-2 and F-0 respectively. These 
average wood densities were lower than those 
reported for A. mangium grown at several sites 
in Indonesia and Bangladesh (500–600 kg m-3, 

Table 3  Value of minimum, maximum, coefficient of variance, mean ( ± SD), and genetic gain (%) for 
diameter and wood density in three sections at 4.5-year-old for 186 sample trees from two generations and 
the unimproved Acacia mangium

Parameter
Diameter (cm) Wood density (kg m-3)

Section-1 Section-2 Section-3 Section-1 Section-2 Section-3 Average

Unimproved (N = 59)

Minimum 7.1 6.7 5.5 224 128 239 232

Maximum 22.2 19.0 17.5 498 499 472 484

CV (%) 18.5 16.8 20.2 12.6 14.0 11.6 9.6

Mean 14.9 ± 2.7 13.0 ± 2.2 11.3 ± 2.3 417 ± 53.1 354 ± 50.1 368 ± 43.1 380 ± 36.6

First-generation (N = 48)

Minimum 10.03 9.5 8.0 352 268 265 295

Maximum 22.2 18.5 16.9 514 453 508 482

CV (%) 18.0 15.2 18.0 9.6 10.7 12.8 9.1

Mean 15.5 ± 2.8 13.4 ± 2.0 11.6 ± 2.1 425 ± 41.2 371 ± 39.9 391 ± 50.5 396 ± 36.5

Gain (%) 3.7 2.7 2.5 1.9 4.7 6.1 4.2

Second-generation (N = 79)

Minimum 12.3 10.8 8.0 304 225 242 263

Maximum 23.0 18.0 16.0 566 499 466 480

CV (%) 13.9 12.7 15.5 10.0 11.9 11.3 8.5

Mean 16.0 ± 2.2 13.9 ± 1.7 11.9 ± 1.8 419 ± 42.1 357 ± 42.8 386 ± 43.9 387 ± 33.0

Gain (%) 7.0 6.7 5.7 0.3 0.6 4.7 1.8

Grand mean 15.5 ± 2.6 13.5 ± 2.0 11.7 ± 2.2 420 ± 45.4 360 ± 44.7 382 ± 46.1 387 ± 35.3

CV = coefficient of variance, N = number of sample trees; genetic gain was calculated as percentage 
increase of improved trees from the two generation breeding over unimproved
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Figure 3  Trend of diameter (A) and wood density (B) across the three sections demonstrated in 
Figure 1
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Chowdhury et al. 2005, Nugroho et al. 2012). 
The higher values in the latter were likely 
caused by the age of trees in the study, i.e. 
between 10 and 20 years. 
 Genetic gain in wood density in the upper 
sections were 6.1% for F-1 and 4.7% for F-2, 
while the gain across the three sections was 4.2 
and 1.8% for F-1 and F-2 respectively (Table 
3). In contrast to the increased gain for DBH 
between the two successive generations, gains 
for wood density at breast height (Section-1) 
decreased from F-1 (1.9%) to F-2 (0.3%). 
Section F-1 exhibited a linear increase in gains 
from Section-1 to Section-3. While for the 
F-2, the gains were small between Section-1 
and Section-2, but increased in Section-3. 
The greatest wood density variation between 
the populations and generations was found 
higher up the stem, as evidenced by the 
significant differences in Section-3 (Table 2). 
 The changes in genetic gains for wood 
density from F-1 to F-2 showed that reduction 
in wood density resulted from selection for 
growth improvement. A 90% relative increase 
for DBH from F-1 to F-2 was associated with 
reduction in wood density of 84 and 57% 
for breast height section and average across 
sections respectively (Table 3). A similar 
decrease was observed by Yuliarto (2005) 
where a 41% gain estimate for volume in 
A. mangium breeding was associated with 
a decrease in wood density of 2%. Studies 
on other species presented similar results, 
where selection for diameter resulted in 
reduction in wood density of 1.2 to 3.1% in E. 
camaldulensis (Kien et al. 2010), 2.9 to 3.9% 
in Scots pine (Fries 2012) and 1.2% in black 
spruce (Zhang & Morgenstern 1995).

Correlations

The correlation between diameter and wood 
density was positive and varied from weak (r 
= 0.007) to moderate (r = 0.40) (Figure 4). 
The correlation was weaker in upper sections 
in the F-1 and F-2 generations and was 
stronger in F-0. Correlation increased with 
each generation in Section-1, but decreased 
in Sections-2 and 3. Changes in the trend 

Figure 4 Trends in correlations between 
diameter and wood density in three 
sections; second generation (A), first 
generation (B), unimproved (C)
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of correlation between generations and 
sections suggested that imposing selection 
on growth and form traits in past breeding for 
F-1 and F-2 caused variation in wood density 
between trees and within trees. A moderate 
positive and significant correlation (p < 0.05) 
was found between DBH and wood density in 
Section-1 of F-2, which proved that selection 
simultaneously increased DBH and wood 
density in A. mangium.
 Average wood density across sections and 
in the respective sections was significant and 
highly correlated, but there was a slightly 
different trend between generations (Figure 5). 
The correlation in F-2 was considerably higher 
for Section-2 (r = 0.90) than for the other two 
sections, while F-1 and F-0 were similar between 
sections. With respect to growth improvement, 
the high correlation in Section-2 of F-2 
seemed to be independent of improvements 
in DBH because of the weak correlation 
between diameter and wood density in this 
section (r = 0.007) (Figure 4). This indicated 
that although the mean value of density 
across generation decreased from Section-1 
to Section-2 by 59 and 38 kg m-3 to Section-3, 
assessment of wood density in the upper parts 
of stem (above breast height) seemed to be 
necessary in determining more accurately the 
whole wood density of the tree, particularly for 
the improved population. Using only wood 
samples collected at breast height could lead 
to overestimation of average wood density by 
more than 7%. Studies in spruce, birch and 
pines also revealed that average wood density 
based only on the measured density of sample 
disc at breast height resulted overestimates of 
the overall wood density (Repola 2006). 
 The correlation between wood density 
and pilodyn penetration varied among the 
populations, namely r = -0.29, -0.59 and -0.54 
in F-2, F-1 and F-0 respectively (Figure 6). This 
may reflect past selection for growth altering 
wood structure which has led to pilodyn 
penetration being less predictive of wood 
density in A. mangium. Differences in genetic 
backgrounds of the populations seemed to 
influence the change of correlation strength 
between pilodyn and density.
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wood density across three sections; 
second generation (A), first generation 
(B), unimproved (C)
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Further breeding strategy

Selection criteria 

The improvement for DBH was verified in this 
study with smaller increase in wood density 
between F-1 and F-2. The reduction in gain 
estimates appeared to have continued in 
successive generations when the selection 
criteria for DBH remained unchanged. 
Incorporating wood density as a selection 
criterion is necessary to ensure reduction 
in wood quality associated with selection for 
growth is managed for future A. mangium 
breeding strategy. 
 In this study, we simulated the incorporation of 
wood density as an additional selection criterion 
in our advanced generation breeding programme 
for A. mangium with the intention of increasing 
genetic diversity by selection from all generations 
of the breeding population. The concept of 
‘recycled’ genetic resources (Nirsatmanto 2016) 
was evaluated by incorporating families that 
had been removed in previous generations 
into further successive generation breeding. 
This concept could be used to explore the 
impacts of increasing the diversity of genetic  
material and capturing some improvements 
in wood properties that might have been 
neglected in early generations that were 
selected only for growth. The breeding 
population would proceed using overlapping 
generations (White et al. 2007) that included 
selections derived from F-2, F-1 and F-0 
generations. Both traits will be used to select 
advanced generation breeding populations. 
Relatedness between the families was carefully 
considered to avoid the negative impact 
of inbreeding in the breeding population. 

Scenarios of family selection

In the third-generation progeny trial of A. mangium, 
the genetic gain estimates from family selection 
for growth traits has been reported at around 
3% for height, 5% for DBH and 1% for stem 
straightness (Nirsatmanto 2016). However, 
changes in the wood density have not been 
reported. As sample trees were collected from 
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Figure 7 Clustering of the 65 families based on 
average wood density across three 
sections and DBH; smooth lined circle 
identifies the top four selected families, 
dashed lined circle identifies the top 10 
selected families

the thinned trees, backward selection using 
family information provided more accurate 
selection method in this study. 
 Scatter plots of the 65 families tested in 
the progeny trial for both DBH and average 
wood density are presented in Figure 7. Two 
selection scenarios were considered in this 
study. First, an independent culling level in 
which the truncation for selection was set at 
above 15 cm for DBH and 387 kg m-3 for wood 
density (close to the mean value of each trait). 
Twenty four of 65 families were selected and 
provided a gain estimate of  5.7% for DBH and 
4.7% for wood density (Table 4). Increasing 
the truncation level to select the top 10 
families increased the differential selection 
to 9.7% for DBH and 8.1% for wood density, 
while selection of the top 4 families increased 
gain estimates to 12.3% for DBH and 11.3% 
for wood density. Families were selected from 
each generation, with the 24 selected families 
representing 50, 29 and 20% families of the 
F-2, F-1 and F-0 respectively. 
 The second scenario investigated used 
tandem selection amongst the 27 families 
that were derived from F-2 generation. In this 
scenario, selection was based on the average 
wood density with the same truncation value as 
in the first scenario (387 kg m-3). The selection 
differential for wood density was 3.4% which 
was associated with a small increase of 0.7%  
in DBH (Table 4). Gain estimates were lower 
than those obtained from the first scenario. 
In addition, truncation selection reduced 
the number of selected families to 14, fewer 
than the number selected in first scenario (24 
families). Twelve out of the 14 selected families 
were the same as in the first scenario. 
 Recycling genetic resources (as the first 
scenario) could increase genetic variation in 
the third generation and improve wood density 
while maintaining improvement in growth. 
It is suggested that the independent culling 
level is more effective for family selection in 
such given mixed-generation breeding stand 
of A. mangium. For Norway spruce, despite 
the negative relationship between growth and 
density, using carefully selected genotypes and 
incorporating wood density in the selection 

strategy enhanced stem volume and maintained 
wood density (Levkoev et al. 2017). 
 Incorporating a large variation in wood 
properties up the stem may be adopted for 
family selection in the given third generation 
breeding stand to obtain a representative whole 
wood density of the trees. For the improved 
populations (F-2 and F-1), wood density at 
Section-2 could be considered as an important 
value in assessing average wood density of 
the trees due to its considerably stronger and 
positive correlation (Figure 5). 
 Non-destructive sampling of trees for wood 
properties is often required for wood quality 
assessments in tree breeding programmes. 
Pilodyn could become an effective tool in 
assessing the density of all trees in a trial. 
It is particularly useful in the F-1 and F-0 
populations of A. mangium due to a moderate 
correlation between the penetration and 
density in both populations (Figure 6). 

CONCLUSIONS

The impact of selecting for improved growth, 
which was used to identify F-1 and F-2 
populations, was assessed in a third-generation 
progeny trial of A. mangium. Genetic gains for 
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diameter were positive and increased from F-1 
to F-2 generation. The gain in wood density 
was also positive, but not as large in the F-2 
population relative to the F-1 population. 
Given a selection criterion that focused on 
DBH alone, gain in wood density would 
continue to decrease in advanced generation 
breeding. Therefore, improving the selection 
methods used for A. mangium breeding was 
necessary in order to increase wood density 
while maintaining improvements in growth. 
This could be achieved by increasing the 
diversity of the populations and altering the 
selection strategy to incorporate wood density 
directly. Families that were eliminated in 
previous generations based on selection for 
growth alone may be recycled and integrated 
into the breeding population for further 
improvement of wood density. Wood density 
should be incorporated as one of the selection 
criteria and independent culling level strategy 
should be adopted during family selection. 
Selection based on non-destructive sampling 
of wood density using pilodyn may be used 
to improve wood properties, although the 
pilodyn method had more effect on F-1 
and F-0 populations compared with F-2 
population. Selection for both growth and 
wood density are recommended to advance A. 
mangium breeding populations that have been 
developed for Indonesia. 
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