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Abstract
Breeding of Acacia auriculiformis A.Cunn. ex Benth in Vietnam, which
commenced in 1996, has focused to date on improving tree growth and stem
straightness. Little attention has been paid to important properties of wood such as
basic density, shrinkage, bending stiffness and strength, which determine suitability
for specific end-use applications. The aim of the studies reported here was to obtain
knowledge of genetic factors associated with wood traits and their relationships with
growth and tree form, in order to facilitate improvement of A. auriculiformis for
sawn timber production.
Empirical data were gathered in a progeny test, three clonal tests and three
genetic gain tests in four provinces of Vietnam. Genetic parameters for the studied
traits were estimated at ages ranging from 3 2to 9 years. The results showed2 that
individual within-provenance heritabilities (h ) and clonal repeatabilities (H ) for
growth, stem straightness, basic density and shrinkage increased with age,
but those
2
for mechanical properties were stable with age. In the progeny test, h ranged from
0.36 to 0.39 for growth traits,
0.40-0.61 for density and 0.12–0.31 for stem
2
straightness. In clonal tests, H ranged from 0.21 to 0.56 for growth traits, 0.16-0.38
for shrinkage traits, and 0.21-0.57 for mechanical properties. Growth and wood
properties had coefficients of additive genetic variation (CVA) and genotypic
variation (CVG) ranging from 5-12%. High age-age correlations for most studied
traits were found, suggesting that there would be more gain per unit time by
selecting trees at 3 to 4 years old than at greater ages. Growth traits showed
consistent positive genetic correlations with stem straightness, but non-significant
correlations with wood properties, except for a significant negative correlation
between diameter and stiffness. Genotype by environment interaction was
important for growth and stem straightness in clone trials across southern, centralnorth and northern Vietnam, but not important for a number of improved and
unimproved seedlots compared in genetic gain trials across northern, central-north
and central Vietnam. Predicted and realised gains for growth were substantial for
seed orchard seedlots produced by the current breeding program, compared with
natural-provenance and local commercial control seedlots. Good gains in growth
and form traits and wood properties could be obtained from clonal selection,
although the absence of strong, favourable correlations between growth and wood
properties indicates that gains for individual traits would be reduced if a multi-trait
improvement approach was adopted.
The findings clearly demonstrate that there is potential to improve tree growth,
stem straightness, wood density, shrinkage and mechanical properties of A.
auriculiformis in Vietnam.
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by environment interaction, genetic gain, heritability, sawn timber, wood property
Author’s address: Phi Hong Hai, SLU, Department of Plant Biology and Forest
Genetics, Box 7080, SE-75007 Uppsala, Sweden. Email: phi.hong.hai@vbsg.slu.se
or phi.hong.hai@fsiv.org.vn

Dedication
To my family

Contents
List of Publications
1
Introduction
1.1 Wood demand and use
1.2 Natural distribution and biology of A. auriculiformis
1.3 The current status of A. auriculiformis breeding in Vietnam
1.4 Economically important properties for sawn timber
1.5 Genetic parameters in Acacia and other hardwood species
1.5.1 Genetic parameters in Acacia species
1.5.2 Genetic parameters in other hardwood species
1.5.3 Genotype-environment interactions affecting growth and wood properties
in acacias and other hardwood species
2
Aims
3
Materials and methods
4
Main results and discussion
4.1 Genetic parameters for important traits
4.2 Age-age correlations and relative selection efficiency
4.3 Genetic correlations and correlated responses to selection for diameter and density
4.4 Genotype by environment interactions affecting growth and stem straightness
4.5 Genetic gains from the present breeding program in Vietnam
5
Implications for tree improvement of A. auriculiformis in Vietnam
5.1 Improvement of wood properties
5.2 Clonal deployment
6
Further research
References
Acknowledgements

7
9
10
11
13
14
17
17
20
23
25
27
31
31
33
34
35
36
37
37
38
41
43
53

List of Publications
This thesis is based on the following papers, which will be referred to by
the corresponding Roman numerals:
I Hai, P.H., Jansson, G., Harwood, C., Hannrup, B. & Thinh, H.H.
(2008). Genetic variation in growth, stem straightness and branch
thickness in clonal trials of Acacia auriculiformis at three contrasting sites in
Vietnam. Forest Ecology and Management 255(1), 156-167.
II Hai, P.H., Jansson, G., Harwood, C., Hannrup, B., Thinh, H.H. &
Pinyopusarerk, K. (2008). Genetic variation in wood basic density and
knot index and their relationship with growth traits for Acacia
auriculiformis A. Cunn ex Benth in Northern Vietnam. New Zealand
Journal of Forestry Science 38(1), 176-192.
III Hai, P.H., Jansson, G., Hannrup, B., Harwood, C. & Thinh, H.H.
(2009). Use of wood shrinkage characteristics in breeding of fast-grown
Acacia auriculiformis A. Cunn. ex Benth in Vietnam. Annals of Forest Science
66 (6), 611p1-611p9.
IV Hai, P.H., Hannrup, B., Harwood, C., Jansson, G. & Ban, D. V. (2009).
Wood stiffness and strength as selection traits for sawn timber in Acacia
auriculiformis A. Cunn. ex Benth. (Submitted).
V Hai, P.H., Harwood, C., Kha, L.D., Pinyopusarerk, K. & Thinh, H.H.
(2008). Genetic gain from breeding Acacia auriculiformis in Vietnam.
Journal of Tropical Forest Science 20(4), 313-327.
Paper I, II, III and V are reprinted with the kind permission of the publishers.

7

8

1 Introduction
The Vietnamese Government is currently striving to establish plantations
of fast-growing trees in order to ensure adequate wood supplies for the
existing wood-based industries in the country. The results from
international trials of Acacia species and provenances (Kha, 2003;
Luangviriyasaeng & Pinyopusarerk, 2002; Nor Aini et al., 1994; Yang &
Zeng, 1991) have shown that Acacia auriculiformis is a useful multi-purpose
tree species, being fast-growing and suitable for timber and pulp production
(Nghia, 2003; Turnbull et al., 1997). The species was introduced into
Vietnam in the 1960s. It has proven to be well-adapted to lowland
environments throughout Vietnam and has become an important plantation
species (Nghia, 2003). It is adaptable to a wide range of site conditions and
produces pulp logs and small sawlogs in rotations as short as 7-10 years.
Acacia auriculiformis plantations currently occupy some 71,600 ha (Ministry of
Agriculture and Rural Development, 2007), equivalent to ca. 4% of the
total area of Vietnam’s forest plantations. This makes A. auriculiformis more
important in Vietnam than any other Acacia species, with the exception of
the hybrid between A. mangium and A. auriculiformis (van Bueren, 2004).
The goal of most modern tree improvement programs is to combine
rapid stem volume growth with improved stem straightness and desired
wood properties, so as to produce well-adapted trees capable of supplying
high-quality logs for both lumber and pulpwood (Doede & Adams, 1998;
Zobel & Talbert, 1984). Wood density, shrinkage and stiffness are often
considered the most important wood traits, because of their effects on wood
recovery and nearly all final products of sawn timber (Raymond, 2002;
Zobel & Van Buijtenen, 1989; Bendtsen, 1978).
Juvenile wood is defined in various ways by different authors (Zobel &
Sprague 1998; Walker, 2006), but it is commonly understood to comprise
the first few annual rings of wood laid down around the pith, and in the first
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few metres from the base of the tree. Burdon et al. (2004) describe the radial
changes that occur in wood properties as a transition from corewood to
outerwood, and the longitudinal change in wood properties as a transition
from juvenile to mature wood. Fast-grown plantation logs in Vietnam,
harvested at ages of 10 years or less, can be effectively considered as
consisting entirely of juvenile wood. Since juvenile wood will be used
increasingly in the future, there is a need for research on genetic variations
in juvenile wood properties, their correlations with tree growth and their
impact on end-use products (Zobel & Sprague, 1998; Rozenberg &
Cahalan, 1997).
Clonal forestry, the mass-production via vegetative propagation of
improved planting stock of tested clones, has been promoted as an
alternative to the use of genetically improved seed produced in seed
orchards. There are many advantages of clonal forestry, including the
opportunities to capture both additive and non-additive genetic effects,
which should result in larger gains from selection than can be obtained using
sexually produced offspring (Libby & Rauter, 1984). Developing clonal
forestry for A. auriculiformis requires estimation of genotypic parameters, in
order to determine the best strategy for clonal testing and deployment.
Knowledge of genotype by environment interactions is also needed to
design testing, selection and deployment procedures in any breeding
program (Namkoong, 1981; Burdon, 1977).
Therefore, the studies in this thesis are based upon addressed genetic
variations in economically important traits of A. auriculiformis, including
growth traits, stem straightness, branching patterns, and wood properties
(wood basic density, shrinkage, stiffness and strength). The genetic
relationships between wood properties and growth traits were also
examined. The results obtained, and their implications for the development
of a breeding and deployment program of the species for sawn timber
production, are considered below.

1.1 Wood demand and use
There is globally increasing demand for high value solid hardwood
products that have been traditionally sourced from native forests. As a result
of unsustainable logging practices in the past, increased environmental
awareness and the need to expand in the area of conservation and
rehabilitation forests, the availability of native forests as sawlog resources is
rapidly diminishing (Barnett & Jeronimidis, 2003). Coinciding with the
reduced access to native forests for logging in the tropics and subtropics,
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there has been rapid expansion in short rotation hardwood plantations as
sources of both short-fibre pulp and raw materials to replace solid-wood
products of native forests. These factors are all of particular relevance in
Vietnam, where there is a large human population, a high demand for sawlumber and a high proportion of native forests protected from logging.
Vietnam’s total wood (lumber and pulp wood) production increased
from 2,122,000 in 1999 to 2,703,000 metric tonnes in 2005, mostly due to
an increase in wood production from plantations (Dao, 2006). However,
wood imports have increased dramatically over the last eight years, by
almost 6-fold since 2000, Vietnam’s wood processing industry imported
80% of the wood materials it used in the period 1999-2005 (Dao, 2006),
and as the furniture-manufacturing sector continues to expand the demand
for wood is expected to keep on growing.
Plantation-grown A. auriculiformis trees have been found to be very
promising for the production of unbleached kraft pulp and high quality
neutral sulphite semichemical pulp (Pinyopusarerk, 1990). Therefore, small
logs of A. auriculiformis have been used for making pulp and paper in
Vietnam, and have been exported as wood chips to other countries.
However, logs of sufficient size (typically with small-end diameters of at
least 15 cm) fetch higher prices when sold as sawlogs, because of the high
demand from Vietnam’s wood-processing industries. The wood of A.
auriculiformis is known to be very attractive for furniture, wood turning and
carving as well as being suitable for construction work, e.g. framing and
flooring (Pinyopusarerk, 1990). Consequently, there has been a particular
focus in Vietnam on growing the species for higher value end-uses. An
increasing area of A. auriculiformis plantations is now managed for the
production of saw and veneer logs, especially in the south of Vietnam.

1.2 Natural distribution and biology of A. auriculiformis
The 1300 species of the genus Acacia extend around the globe, from
Australia, through Asia to Africa and the Americas. These insect-pollinated,
nitrogen-fixing trees grow in a range of environments and fill an important
niche in natural ecosystems. They have also been planted as exotics in over
70 countries, for land rehabilitation and to produce a range of wood and
non-wood products, and fodder (Turnbull et al., 1997).
Acacia auriculiformis occurs naturally in Australia, Papua New Guinea
(PNG) and Indonesia (Figure 1), between latitudes 9-160S and longitudes
130-1450E. The altitudinal range of species in its native range is from sea
level to about 400 m. Climatically, A. auriculiformis occurs in hot humid and
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subhumid zones, where the mean maximum temperature of the warmest
month is 32-380C and the mean minimum temperature of the coldest
month is 12-200C. Frosts do not occur in the species’ natural range, and
annual rainfall varies from 760 mm to 2000 mm. Acacia auriculiformis grows
in a wide range of soils with a pH range from 4.0 to 9.0 (Pinyopusarerk,
1990).

Figure 1. Natural distribution of A.
auriculiformis, adapted from
(Pinyopusarerk, 1990).

Acacia auriculiformis is a fast growing, small to medium-size tree species,
generally reaching heights of 8 to 20 m, heavily branched with a short,
crooked stem, but on some favourable sites it can grow to 30 m tall and 80
cm in diameter with a straight, single stem (Pinyopusarerk, 1990). The
species possesses wood properties that are suitable for a wide range of uses.
The wood is heavy, with a high percentage of heartwood that is quite
durable. The heartwood is light brown to dark red in colour and straightgrained. The texture is fine to medium and basic density is between 500800 kg m-3. The wood fibres are relatively short, about 1.1 mm in long and
20.6 µm in wide (Jahan et al., 2008). The wood basic density, bending
stiffness and strength are considered to be high and compare well with those
of teak (Tectona grandis). The wood is easy to work, takes a good polish and
finishes well with sharp tools. However, the boards tend to split when sawn.
With regard to chemical composition, the wood’s α-cellulose,
hemicellulose, lignin and extractives contents are ca. 44.1%, 32%, 19.4% and
4.5%, respectively (Jahan et al., 2008).
Allozyme studies on progenies of A. auriculiformis trees collected in
natural populations in Queensland (Qld) and Papua New Guinea (PNG)
(Moran et al., 1989) have revealed that the species is predominantly
outcrossing, although a subsequent study reported higher levels of selfing in
Northern Territory (NT) populations (Wickneswari & Norwati, 1993).
There are very few tree species that are as adaptable as A. auriculiformis
(Pinyopusarerk, 1990). It grows well in a wide range of environmental
12

conditions in the tropics and has proven to be especially suitable for
rehabilitating and revegetating difficult sites in Asian countries. By the mid1990s, the total plantation area of the species was estimated to have reached
60,000 ha in China, 45,000 ha in India, and less than 10,000 ha in other
countries such as Thailand, Philippines, Indonesia and Malaysia (Turnbull et
al., 1997).

1.3 The current status of A. auriculiformis breeding in Vietnam
Provenance trials have been established since the 1980s in several parts of
Vietnam. Highly significant differences between provenances have been
reported for growth rate and stem straightness. Mibini (PNG), Coen River
(Qld), Kings Plains (Qld), Wenlock R. (Qld), Halroyed (Qld) and
Morehead (PNG) were the best performing provenances in Vietnam (Kha,
2003). Significant improvements in plantations are therefore possible, simply
by using selected provenances (Kha, 2003; Nghia, 2003). In addition to
investigations of Acacia species, natural acacia hybrids have been studied
since 1993 (van Bueren, 2004), and the development of hybrid clones of A.
mangium and A. auriculiformis has recently been given high priority by
breeders in Vietnam. The morphology and wood density of F1 A.
auriculiformis x A. mangium hybrids has been found to be intermediate
between those of the parental species, but clear heterosis in growth rates has
been observed (Kha, 2001). Outstanding hybrid clones have been identified,
tested and are now being mass propagated for operational clonal forestry
(Kha, 2001), with over 220,000 ha of clonal plantations established to date.
For long-term breeding, a program to improve A. auriculiformis trees
growing under Vietnamese conditions was started in 1996. Several progeny
tests and clonal tests were established, in order to develop a comprehensive
genetic base population for breeding, establish seed orchards, generate tested
clones for production forestry and provide information on genetic variation
and the potential for continued genetic improvement. Two provenanceprogeny trials testing a total of 203 open-pollinated families from 13
provenances were established in the breeding program. This base population
for breeding was compromised in 1999, because land in Binh Duong, where
the larger first-generation progeny test was located, was assigned to other
uses and the progeny trial was lost. However, before the trial was felled, 150
superior individual trees within 65 families were selected from the Binh
Duong progeny test, based on individual tree performance for growth and
stem straightness. These selected trees were clonally propagated and used for
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establishing three clonal tests in the north, central-north and south of
Vietnam.
Knowledge of genetic parameters, such as coefficients of variation,
heritabilities, genetic correlations, genotype by environment (G × E)
interactions, and predicted gains, realised gains for traits of interest, as well as
correlated responses, are essential for implementing a breeding program.
This information was obtained from studying the genetic trials of A.
auriculiformis in Vietnam and forms the basis of this thesis.

1.4 Economically important properties for sawn timber
Breeding objectives need to be based on clear definitions of the key
economic parameters driving the production system. The key economic
drivers commonly identified for sawn timber are green sawn recovery,
dimensional stability, timber strength, drying degrade and durability
(Raymond, 2002; Raymond, 2000). The relationships between the tree, log
and wood traits considered in this thesis and these determinants of
processing profitability, as well as their strength of genetic control, are
summarized in Table 1 and discussed below.
Log diameter, stem straightness and branching patterns
The diameter of the log is most important to the miller (Steele, 1984).
Generally, large diameter logs give greater sawn timber recovery, at lower
fixed milling costs with a greater proportion of timber achieving the higher
value grades (Walker, 2006). Larger logs are also easier to quarter-saw and
may be less prone to growth stress problems (Steele, 1984). Larger
dimension boards can only be cut from large diameter logs.
Two of the easiest traits to target in attempts to improve trees for sawn
wood production are stem straightness and branching patterns, because of
their effects on wood quality and clear-wood volume production, moderate
heritability and ease of measurement, compared with wood traits (Zobel &
Jett, 1995). Straight trees produce less tension wood and provide higher
yields of sawn timber than bent trees of similar size. Therefore, stem
straightness has been one of the main parameters targeted in breeding
strategies for industrial wood production. Small limbs and high branch
angles are two other important traits targeted in tree breeding programs for
solid wood production, partly because small branches with large branch
angles to the main stem (i.e. close-to-horizontal branches) leave small
wounds when pruned, which have been shown to less heavily affected by
microbial infections than large wounds, at least in Eucalyptus nitens wood
(Pinkard, 2002). Usually, stem straightness and branching patterns are
14

Table 1. The relationships between key selection properties and key economic drivers, the importance of selection properties for various solid wood
products and strength of genetic control of the key selection properties. Adapted from Raymond (2000).
Solid wood products

Economic drivers
Key selection property

Green
sawn
recovery

Timber
strength

Dimensional
stability

Drying
degrade

Durability

Furniture

Flooring

Structural

Large log diameter

x

x

x

x

x

high

high

high

low-moderate

Stem straightness

x

high

high

high

low

Small branches

x

x

x

x

high

high

medium

low

Knot size

x

x

x

x

high

high

medium

low

Basic density

x

x

x

x

medium

high

high

high

Density gradient

x

x

x

x

high

high

high

moderate

x

x

high

high

high

moderate

Shrinkage

x

Heritability

Modulus of rupture

x

high

high

high

moderate

Modulus of elasticity

x

high

high

high

moderate

Notes: x = indicates the important wood properties for particular solid wood product; Heritability estimates are ranked: high, moderate and low refer to heritabilities > 0.4, 0.2 to 0.4, and <
0.2, respectively.

15

assessed on a qualitative scale (i.e. using a visual point scoring method)
(Cotterill & Dean, 1990).
Wood basic density
Wood basic density is expressed as oven-dry weight per unit green volume,
measured in g cm-3 or kg m-3. Wood density is one of the most important
traits to consider in solid wood production, because of its key importance in
forest product manufacture (Rozenberg & Cahalan, 1997). Density has
positive relationships with desirable mechanical properties of wood (Evans &
Ilic, 2001; Zobel & Jett, 1995; Hillis & Brown, 1984). It is also positively
correlated with the shrinking and swelling parameters of wood, but less
directly than with mechanical properties (Barnett & Jeronimidis, 2003).
Structural timber needs high density and strength, while low-density wood
may be more suitable for pulp and paper products than for construction
(Barnett & Jeronimidis, 2003). Wood with density in the range of 470-550
kg m-3 is well suited for pulp production (Dean, 1995).
Wood density is a complex physical property, since wood tissue is
composed of varying proportions of wood cells and chemicals (Zobel & Jett,
1995). Consequently, a change in one or more cell types in the wood,
and/or in chemical composition, could change the overall density. Further,
wood density is related to wood porosity; the lower the void volume and
the thicker the cell walls of the wood, the higher the wood density (Walker,
2006).
Radial variation in density
The difficulty of measuring variations in radial density (which can be
thought of as the variation in density from pith to bark) has impeded the use
of this trait in breeding programs in the past (Zobel & Jett, 1995; Wright &
Burley, 1990). A low pith-to-bark density gradient is important in both
earlywood and latewood for maximising solid wood product recovery,
because of the strong relationships between density and both wood strength
and shrinkage parameters (Malan, 1997). Variations in radial density are
therefore linked to radial changes in strength and shrinkage traits. This has
been widely recognized as contributing to various processing problems
(Walker, 2006), such as warping of timber, but such relationships have not
been widely reported (Yang & Fife, 2003).
Shrinkage
Shrinkage is one of the most important properties for the dimensional
stability of wood. Excessive shrinkage during drying causes warping
(bowing, cupping, twisting and springing), cracking and angular
deformation of wood (Ormarsson et al., 1998; Skaar, 1988). In addition,
16

processed wood expands or shrinks in service according to ambient moisture
levels, hence excessive shrinkage can cause unacceptable defects in products,
such as flooring and furniture. Therefore, wood with low shrinkage
characteristics is highly desirable for sawn-timber production and solidwood products (Walker, 2006).
Another important factor to consider is that wood is an anisotropic
material, i.e. its properties, including shrinkage rates, differs in three
directions: tangentially, radially and longitudinally. In general, wood shrinks
about twice as much tangentially as radially, and by a very small amount
longitudinally (Zobel & Van Buijtenen, 1989; Cave, 1972). Juvenile wood
tends to shrink less transversely (radially and tangentially) than mature wood,
because it has lower density (Bowyer et al., 2003). A high coefficient of
anisotropy (the ratio between tangential and radial shrinkage) causes
cupping, cracking and angular deformation in wood during desorption
(Chauhan & Aggarwal, 2004; Skaar, 1988). Longitudinal shrinkage, and
variations in this parameter over cross-sections of studs, can cause
unacceptable springing and/or bowing (Johansson, 2002).
Mechanical properties
Wood stiffness (modulus of elasticity, MoE) and strength (modulus of
rupture, MoR) are important properties for three major applications of sawn
timber: furniture-making, flooring and structural timber. In most
applications, sawn timber is subject to loads that cause it to bend and deform
(Dinwoodie, 2000; Tsoumis, 1991), whereas strength in static bending is
defined as natural resistance of a material to failure (Dinwoodie, 2000). For
lumber and other solid wood products, wood density is generally an indirect
quality trait, since there are usually positive correlations between wood
density and desirable mechanical properties (Zhang et al., 2004). However,
stiffness and strength are also influenced by the cellulose microfibril angle,
the proportion of lignin and the extent of spiral grain (Huang et al., 2003;
Aggarwal et al., 2002; Chafe, 1990; Nicholson et al., 1975). Hence, for
instance, juvenile wood tends to have lower stiffness than mature wood,
because it has higher microfibril angles (Burdon et al., 2004).

1.5 Genetic parameters in Acacia and other hardwood species
1.5.1 Genetic parameters in Acacia species

Genetic variation in growth traits (height, diameter and volume), stem
straightness, branching patterns (branch angle and branch thickness) and
wood properties (density, shrinkage, stiffness and strength) has been studied
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and reported from the early stages of some Acacia breeding programs.
Variation has mostly been studied at provenance levels, but there have been
a few studies on genetic variation at family level.
Growth, stem straightness and branching patterns
Provenance trials conducted in several countries have found substantial
genetic variation in growth and stem straightness and branching patterns,
with important differences between material originating from the three
native regions (PNG, Qld and NT), as well as between provenances from
the same regions (Nghia, 2003; Luangviriyasaeng & Pinyopusarerk, 2002;
Kamis et al., 1994b; Nor Aini et al., 1994). Provenances from Qld and PNG
have generally out-performed most of the provenances from NT (Otsamo et
al., 1996). In the south of Vietnam, the best-performing provenances have
been Wenlock R. (Qld), Halroyed (Qld) and Morehead (PNG), while in
the north the best provenances have been Mibini (PNG), Coen River
(Qld), Kings Plains (Qld), and Manton (NT). The Dong Nai local race has
displayed intermediate to slow growth. Acacia auriculiformis also generally
grows better and straighter in the south than in the north of Vietnam,
showing that differences in climatic and soil conditions affect the growth
and development of the species (Kha, 2003; Nghia, 2003).
Studies, particularly in other Acacia species, indicate that the degree of
genetic control of growth traits, stem straightness and branching patterns
within acacias is low to moderate (Table 2). Reports on coefficients of
additive genetic variation (CVA) for A. auriculiformis are scarce. However, for
6-year-old A. nilotica, Ginwal & Mandal (2004) found CVA values of around
7.0% for growth traits.
Generally, positive genetic correlations have been found between growth
traits and stem quality traits (stem straightness and forking propensity) in
Acacia species, such as A. crassicarpa, A. mangium and A. nilotica. For these
species, the correlation between growth and stem straightness is reportedly
low (Arnold & Cuevas, 2003), but the correlation between growth and
forking propensity (axis persistence) is high (Ginwal & Mandal, 2004).
Wood properties
Wood density is by far the most intensively studied wood property. In A.
auriculiformis, wood density varies both within and between provenances.
Significant differences in basic density between A. auriculiformis provenances
have been reported by Khasa et al. (1995) and Mahat (1999), but not
between material from the three geographic regions, PNG, Qld and NT
(Mahat, 1999). Radial density variation generally increases with age, and
large between-tree variation has been observed in this trait in A. melanoxylon
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(Clark, 2001), A. mangium × A. auriculiformis hybrids (Kim et al., 2008), and
A. mangium (Ani & Lim, 1993). Nevertheless, Lim & Gan (2000) reported
that for 14-year-old A. mangium the density increased from the pith to the
intermediate region, then decreased toward the bark, while in the same
species the density tends to decrease with increasing height (Lim & Gan,
2000; Ani & Lim, 1993).
Table 2. Published estimates of heritability for growth traits, stem straightness and branching
patterns of acacias
o

Species

Height

A. auriculiformis
A. mangium
A. mearnsii
A. nilotica

Diam eter

A. auriculiformis
A. crassicarpa
A. mangium
A. nilotica

Heritability

N of
families

Age
(years)

0.14
0.33
0.28
0.04-0.36
0.21

106
129
120
26-84
200

3
3
2.5
1
6

Luangviriyasaeng & Pinyopusarerk, 2002
Suanto et al., 2008
Nirsatmanto & Kurinobu, 2002
Dunlop et al., 2005
Ginwal & Mandal, 2004

0.11
0.40
0.15
0.08
0.26
0.26
0.26

106
129
164
150
120
200
200

3
3
3
3
2.5
6
6

Luangviriyasaeng & Pinyopusarerk, 2002
Suanto et al., 2008
Arnold & Cuevas, 2003
Arnold & Cuevas, 2003
Nirsatmanto & Kurinobu, 2002
Ginwal & Mandal, 2004
Ginwal & Mandal, 2004

0.20
0.24
0.25
0.10

106
129
164
150

3
3
3
3

Luangviriyasaeng & Pinyopusarerk, 2002
Suanto et al., 2008
Arnold & Cuevas, 2003
Arnold & Cuevas, 2003

Stem straightness and branching patterns
A. auriculiformis
A. crassicarpa
A. mangium

Reference

For wood stiffness, significant differences between provenances (Nor
Aini et al., 1997; Hazani, 1994), between trees and within trees at different
heights have also been observed in A. auriculiformis (Aggarwal et al., 2002;
Kumar et al., 1987; Chomchran et al., 1986; Keating & Bolza, 1982).
The genetic parameters of the species’ wood properties have been
examined in very few studies. The narrow-sense heritability of wood
density in A. auriculiformis has been examined in one previous study, and
found to be low (0.18) in 3-year-old plants (Suanto et al., 2008). In
addition, Nor Aini et al. (1997) have examined A. crassicarpa, and found
broad-sense heritability to be high for wood shrinkage (0.38-0.44) and low
for the mechanical properties (0.11-0.12).
Growth traits have been shown to have non-significant negative
correlations with wood density (Suanto et al., 2008; Mahat, 1999; Khasa et

19

al., 1995) and shrinkage in A. auriculiformis (Kumar et al., 1987). In other
Acacia species like A. mangium and in the acacia hybrid (A. mangium x A.
auriculiformis), Kim et al. (2008) and Khasa et al. (1995) found non-significant
positive correlations between wood density and growth traits.
1.5.2 Genetic parameters in other hardwood species

Growth, stem straightness and branching patterns
The narrow-sense heritability estimates for growth traits are generally
low to moderate for most forest tree species (Cornelius, 1994; Eldridge et
al., 1993). The heritability estimates for growth traits in tropical hardwood
species are usually in the range from 0.1 to 0.3 (Table 3). The value of CVA
generally tends to be below 15% for growth traits, except tree volume,
which shows higher levels of CVA than other traits (Cornelius, 1994).
Table 3. Published estimates of heritability for growth traits of tropical hardwood species
Species
B. quinata
C. spruceanum
G. crinita
E. camaldulens
E. grandis
E. grandis
E. urophylla
E.grandis
E.pellita
E. tereticornis
T. grandis

Heritability
Diameter
Height
0.27
0.24
0.24
0.31
0.03
0.08
0.14
0.1
0.14
0.21
0.15
0.16
0.13
0.23
0.24
0.16
0.10-0.27
0.22-0.27
0.42
0.29
0.11-0.29
0.05-0.18
0.37
0.28

No of
families
155
200
200
114
47
30
208
200
203
60
171
91
61

Age
(years)
8
3
1
5
4.5
5
3
3
3/5/15
3
7.5
1.75
3.5

Reference
Hodge et al., 2002
Sotelo Montes et al., 2006
Rochon et al., 2007
Mahmood et al., 2003
Floyd et al., 2003
Gapare, 2003
Arnold & Cuevas, 2003
Wei & Borralho, 1998
Marco & White, 2002
Leksono et al., 2008
Hardiyanto, 2003
Ginwal et al., 2004
Callister & Collins, 2008

Note: B=Betula; C=Calycophyllum; G=Guazuma; E= Eucalyptus; T=Tectona

Low to moderate heritability estimates have been reported for branching
patterns (branch angle and branch thickness) in E. nitens (Whiteman et al.,
1992) and E. globulus (Volker et al., 1990). Low heritability has also been
found for stem straightness in tropical eucalypt species (Leksono et al., 2008;
Arnold & Cuevas, 2003; Mahmood et al., 2003; Marco & White, 2002) and
other tropical hardwood species, for example Bombacopsis quinata (Hodge et
al., 2002) and Tectona grandis (Callister & Collins, 2008).
Age-age correlations, i.e. the degree of similarity of traits between trees
of different ages, have been examined for height and diameter in young
trees of several Eucalyptus and Populus species. The genetic correlations for
both height and diameter (at ages over 2 years) are consistently positive and
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usually high, ranging from 0.87 to 1.0 in Eucalyptus species (Osorio et al.,
2003; Wei & Borralho, 1998; Greaves et al., 1997; Raymond et al., 1997;
Borralho et al., 1992a; Borralho et al., 1992b). In Populus deltoides, Kumar &
Singh (2001) also found high age-age correlations between age of 6 years
and younger (2-5 years) ages for growth traits. The high genetic age-age
correlations for growth traits generally suggest there are good prospects for
selecting trees that will grow rapidly at young ages.
Inter-trait correlations between growth traits and desirable stem quality
traits, such as stem straightness, branch number and branch angle, have also
been found to be positive and significant for E. grandis and E. camaldulensis
(Gapare, 2003; Mahmood et al., 2003).
Wood basic density
Results from several reviews of a large number of tree species indicate
that the CVA for the basic density of diverse hardwood species is ca. 5%
(Hamilton & Potts, 2008; Stener & Hedenberg, 2003; Cornelius, 1994),
whereas the values for height and diameter are ca. 8.1 and 8.6%, respectively
(Cornelius, 1994). In contrast, the heritabilities for height and diameter are
reportedly lower (ca. 0.2) than for wood density (> 0.3, similar to published
values for many hardwood species; see Table 4).
2

Table 4. Published estimates of heritability (h ) for basic wood density of various commercial
hardwood species.
Species

Heritability

B. pendula
C. spruceanum
E. camaldulensis
E. dunnii
E. globulus

0.73
0.53-0.65
(1)
0.67
0.42
0.65
(a)
0.41
0.87
0.34
(1)
0.35
0.72
(a)
0.60
(a)
0.64
0.71
0.73
(1)
0.56
(1)
0.59
(1)
0.37

E. grandis
E. nitens
E. urophylla
P. occidentalis
Q. petraea
Q. robur
Q. rubra

(1)

No of
families
78
200
78
50
65
411
39
41
65
50
50
51
51
31
30
22
16

Type
cl
op
cl
op
op
op
op
op
cl
op
op
op
op
op
cl
cl
cl

Age
(years)
10
3
3
6.5
8
5
8
8
6
7
7
7-8
22
22
22

Reference
Stener & Hedenberg, 2003
Sotelo Montes et al., 2006
Varghies et al., 2008
Arnold et al., 2004
Borralho et al., 1993
MacDonald et al., 1997
Muneri & Raymond, 2000
Santos et al., 2004
Osorio et al., 2001
Greaves et al., 1996
Greaves et al., 1996
Wei & Borralho, 1997
Wei & Borralho, 1997
Nebgen & Lowe, 1982
Nepveu, 1984
Nepveu, 1984
Nepveu, 1984

Note: op= open pollinated; cl = clones; (a)= heritability estimates based on Pilodyn penetration; (1)=repeatability;
B=Betula; C=Calycophyllum; E= Eucalyptus; P=Platanis; Q=Quercus
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Previously published age-age correlation estimates for the wood density
of hardwood species are restricted to those obtained in a study of E. nitens,
in Australia, in which very high correlations between annual ring densities
from year 3 onwards were found (rA>0.80; (Greaves et al., 1997)).
Wood density and growth traits generally have negative genetic
correlations, and the genetic correlation between wood density and
diameter is generally more strongly negative than the correlation between
density and height. However, the strength of these correlations varies
between species. Raymond (2002) reviewed published estimates for genetic
correlations between wood density and growth in eucalypt species, which
were variable but often close to zero, and concluded that there was no
convincing evidence for a strong negative relationship between growth and
density in those species.
Wood shrinkage and mechanical properties
There is little published information on the shrinkage and mechanical
properties of hardwoods, largely because of the high costs of sawing studies
and the lack of genetic trials with mature material to test. However,
previous results have shown wood shrinkage properties to be moderately to
highly inherited (Table 5), with CVA values of around 8% (Hamilton et al.,
2009; Bandara, 2006; Koubaa et al., 1998). For mechanical properties,
significant genetic variation has also been reported for juvenile wood of
hybrid poplar clones (Hernandez et al., 1998), families of E. grandis (Santos
et al., 2004), and provenances of T. grandis (Bhat & Priya, 2004). Published
heritability estimates for mechanical properties are also moderate to high in
hardwood species (Table 5) and the CVA values for these properties is
reportedly around 4.0% (Santos et al., 2004).
The relationships between tree growth and wood shrinkage parameters
vary depending on the species studied and, presumably, the relationship
between growth and wood density for each species. For instance, the
correlation between tree growth and wood shrinkage is reportedly negative
for eucalypt species (Hamilton & Potts, 2008; Bandara, 2006; Chafe, 1994)
and Terminalia superba (Hock & Mariaux, 1984), but positive for Quercus
species, C. spruceanum (Sotelo Montes et al., 2007b; Nepveu, 1984) and
Gilbertio dendron dewevrei (Hock & Mariaux, 1984). The correlation between
these traits has been found to be insignificant for T. grandis (Hock &
Mariaux, 1984) and P. deltoides x P. nigra hybrid clones (Koubaa et al.,
1998). Shrinkage has been found to depend on wood density, fibresaturation point (FSP), wood chemical composition and microfibril angle
(MFA) (Walker, 2006; Sekhar et al., 1967). Wood density also appears to
affect shrinkage parameters more than FSP (Sekhar et al., 1967).
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Table 5. Published estimates of heritability (h ) for wood shrinkage, stiffness and strength of commercial
hardwood species.
Species

Shrinkage

C. spruceanum
E. grandis
E. nitens

Heritability

No of
families

Type

Age
(years)

Reference
Sotelo Montes et al., 2006
Bandara, 2006
Hamilton et al., 2009
Hamilton & Potts, 2008
Koubaa et al., 1998

200
50
400

op
op
op

3.3
4.5
9

P. deltoides x P. nigra

0.21-0.50
0.29-0.44
0.38
(a)
0.23-0.61
(1)
0.13-0.33

10

cl

9

E. grandis
E. dunnii
C. spruceanum

0.57
0.26
0.47

41
47
200

op
op
op

8
9
3.3

P. deltoides x P. nigra

0.34

(1)

10

cl

9

Hernandez et al., 1998

E. dunnii
P. deltoides x P. nigra

0.57
(1)
0.47

47
10

op
cl

9
9

Henson et al., 2004
Hernandez et al., 1998

Stiffness

Strength

Santos et al., 2004
Henson et al., 2004
Sotelo Montes et al., 2007a

Note: op= open pollinated; cl = clones; (a)=heritabilities from a review of 100 field tests; (1)=repeatability;
C=Calycophyllum; E= Eucalyptus; P=Populus

In a study of 16 softwood and hardwood species, Zhang (1995) found
that the relationship between mechanical properties and growth rate could
be either positive or negative, depending on the species. However, the
growth rate appears to have markedly less effect on the wood of hardwood
species (in terms of mechanical properties) than that of softwood species.
Furthermore, in hardwood species wood stiffness seems to be markedly less
influenced by the growth rate than wood strength, mechanical properties
are generally more influenced by growth rate than wood density, and the
relationships between mechanical properties and wood basic density are
positive (Innes, 2007; Yang & Evans, 2003; Evans & Ilic, 2001; Zhang,
1995). In eucalypts, MFA alone accounted for 87 % of the variation in
stiffness, density alone accounted for 81 %, and the density/MFA ratio
accounted for 92 % of the variation in the wood stiffness (Yang & Evans,
2003).
1.5.3 Genotype-environment interactions affecting growth and wood
properties in acacias and other hardwood species

For growth traits (diameter and height), significant G×E interactions
have been reported in A. auriculiformis, A. mangium and A. mearnsii (Dunlop
et al., 2005; Khasa & Bousquet, 2001; Kamis et al., 1994a), and in various
eucalypts (Matheson & Raymond, 1996), including E. tereticornis (Otegbeye,
1991), E. camaldulensis (Otegbeye & Samarawtra, 1992), E. globulus (Costa E
Silva et al., 2006; Raymond et al., 2001), and E. urophylla (Wei & Borralho,
1998). Similarly, G×E interactions have been found to be significant, but
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weak, for density and cellulose content of E. nitens (Kube et al., 2001).
However, they are reportedly unimportant for density and bark thickness in
E. urophylla (Wei & Borralho, 1997), density in E. grandis (Osorio et al.,
2001) and fibre length in E. nitens (Kube et al., 2001). In a study of E.
globulus at three sites, Raymond et al. (2001) also found that G×E
interactions did not have major effects on a pulp production index
(combining tree diameter, basic density and predicted pulp yield data into a
single variable) of E. globulus.
To summarise, these findings indicate that G×E interaction may be of
importance for growth traits, but of less importance for wood density. For
wood mechanical properties of hardwood species there is no available
information concerning G×E interactions.
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2 Aims
The overall aim of the work underlying this thesis was to increase
knowledge of genetic variation in economically important traits for sawn
timber products of A. auriculiformis in Vietnam. The results should provide
tree breeders with relevant information to establish and refine breeding and
deployment programs of the species. The following specific questions were
addressed:
1. How strong is the genetic variation and degree of genetic
control for growth, stem straightness (I), wood basic density (II),
wood shrinkage (III), wood stiffness and wood strength (IV)?
2. How is selection for growth traits likely to affect wood
properties in juvenile wood and mature wood (II, III, and IV)?
3. How strong are the relationships between juvenile and mature
wood for the studied traits and what is the most efficient
selection age for these traits (I, II, III and IV)?
4. How strong are the genotype by environment interactions for
growth and stem straightness (I and V)?
5. How large are the predicted and realised gains from the breeding
of A. auriculiformis (V)?
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3 Materials and methods
The materials examined in the studies underlying this thesis were plants
in a progeny test, three clonal tests and three genetic gain tests, located in
northern, central and southern Vietnam (Figure 2). In the north, mean
annual temperature is 23°C, with limitation of low temperature in the
winter months. The soil was a yellow ferralitic clay loam with strong
laterisation evident in the profile, acidic (pH 3.5–4.5), and infertile, with
low levels of phosphorus and potassium. Climatic and soil conditions in the
centre are similar in the north, and less favourable for growth of A.
auriculiformis than in the south, where the soil is deep, with a light texture,
and the amplitude of mean temperature is from 24 to 300C (Kha, 2003).

Figure 2. Locations of studied genetic
trials in Vietnam ( progeny test;
clonal test;

genetic gain test)
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Information about the traits studied and the genetic materials in the tests
is summarized in Table 6. The genetic gain tests are comparing seedlots
representing various levels of genetic improvement, and appropriate
controls, generated from five or six of the following materials: (1) an SSO
(seedling seed orchard) select trees seedlot, (2) an SSO routine seedlot, (3)
an SPA (seed production area) select trees seedlot, (4) a mix of seed from the
best natural provenances, (5) a commercial control seedlot and (6) a mix of
four superior clones.
Table 6. Number of clones/families and traits studied in each test and paper
No of clones/
families/treatments

Age
(years)

140 families

9

Diameter, height, stem
straightness, forking, knot index,
bark thickness, wood density, and
Pilodyn penetration

II

Ha Tay

102 clones

3

I

Quang Binh

114 clones

3

Binh Duong

120 clones

4

40 clones
40 clones

5.5
5.5

Diameter, height, stem straightness
and branch thickness
Diameter, height, stem straightness
and branch thickness
Diameter, height, stem straightness
and branch thickness
Shrinkage
Bending stiffness and strength

Ha Tay

5 treatments

4

Quang Binh

6 treatments

4

Quang Tri

5 treatments

4

Test

Progeny test
Ha Tay

Clonal test

Genetic gain test

Traits studied

Diameter, height, stem
straightness, and forking
Diameter, height, stem
straightness, and forking
Diameter, height, stem
straightness, and forking

Paper

I
I
III
IV
V
V
V

Growth traits and stem straightness of all trees in the tests were recorded
annually. The stem straightness, forking and branch thickness were scored
using a scale with 5-6 classes. Knot indices were calculated from data on
branch numbers and ratio of diameter of the largest branch to stem diameter
(Doede & Adams, 1998). Bark thickness was measured using a bark gauge.
Wood density was measured indirectly using Pilodyn pin penetration,
and directly on increment cores using the water displacement method
(Olesen, 1971). The studies of shrinkage and mechanical traits, modulus of
elasticity (MoE) and modulus of rupture (MoR), were based on
measurements on small clear-wood specimens. The measurements and the
sizes of the test samples are indicated in Figure 3.
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North

South
Sapwood
20 mm
Dried

20 mm
30 mm

Digital caliper for shrinkage

Heartwood
20 mm

Sapwood

20 mm
320 mm

INSTRON tester
for MoE &MoR

Heartwood

Figure 3. Sampling strategy for studies of wood properties and dimensions of the samples.

The statistical analyses were conducted in two steps: (i) univariate
analysis, where variance components for each trait were estimated and (ii)
bivariate analysis to estimate variances and covariances between pairs of
characters. Mixed linear models were used in both steps. REML estimates of
the (co)variance components were obtained using ASReml software
(Gilmour et al., 2006). Genetic parameters, such as heritability, coefficients
of variation and genetic correlations were based on the estimated variances
and covariances.
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4 Main results and discussion
4.1 Genetic parameters for important traits
The coefficients of variation and heritability estimates of some of the
studied traits are presented in Table 7 and 8. The results show that there is
substantial genetic variation and degree of genetic control for growth traits,
stem straightness, wood density, total shrinkage, static bending stiffness and
strength. The estimated gains from single-trait selection indicate that
considerable genetic improvement of A. auriculiformis can be achieved for
sawn timber production from both the open-pollinated population and the
populations of clones examined.
2

Table 7. Coefficients of additive genetic variation (CVA), heritability (h ) and gain estimates from
selection of the best individuals within the best families for growth traits, stem straightness, and wood
density at 9 years of age
2

Description

CVA

h

DBH
HT

Diameter at breast height
Height

STR
DEN

Stem straightness
Basic density

7.0
11.2
(2)
0.49

0.36±0.10
0.36±0.09
0.27±0.10

12.4
19.8
(3)
1.56

9.0

0.55±0.12

18.5

Note:

(1)

Gain (%)

(1)

Trait

Estimated gain from single-trait selection based on selection proportion of 30% ( i=1.14) for families and

the best individual of 8 within the best families (i=1.424).
expressed in a scale with 5 classes.

(3)

(2)

Additive standard deviation of real stem straightness

The gain expressed in additive standard deviation. The coefficient of relationship

was assumed to be 0.33 when calculating within-provenance heritabilities (h2).

At nine years of age, estimated coefficients of additive genetic variation
(CVA) ranged from 7% to 11% for growth traits (Table 7). The CVA value
for density was around 8% at different ages (Table 3, Paper II). Individual
tree heritability estimates for both growth and stem straightness were
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moderate (0.27-0.36). Wood density had higher individual tree heritability
(0.55) than the growth traits (Table 7). This finding is consistent with data
compiled by Cornelius (1994) for a large number of tree species. The values
of CVA, heritability and predicted genetic gain in the tests considered in this
thesis may have been affected by two within-family selective thinnings
carried out at age of 3 and 5 years (in which up to three trees from each
original four-tree family plot were removed, but all families were retained in
the trial). This may have reduced the error variance and given a bias in
heritability as well as gain calculations. Heritabilities for height and diameter
at breast height at age 9 years were substantially higher than those at ages of
3 and 5 years, prior to the first and second thinnings, respectively.
2

Table 8. Coefficients of genotypic variation (CVG), clonal repeatability (H ) and gain estimates from
clonal deployment for growth traits, stem straightness, wood density, wood total transverse shrinkage,
stiffness and strength at age of 5.5 years
Trait

Description

CVG

DBH

Diameter at breast height

6.7

HT
STR

Height
Stem straightness

3.4
(2)
0.41

DEN
T

Basic density
Total tangential shrinkage

4.7
7.6

R
MoE

Total radial shrinkage
Static bending stiffness

7.5
11.1

Static bending strength

6.3

MoR
Note:

2

H
0.29±0.08
0.20±0.07
0.28±0.08
0.47±0.08
0.32±0.08
0.38±0.08
0.57±0.07
0.29±0.08

Gain (%)
9.7

(1)

4.5
(3)
0.6
7.5
11.2
11.5
13.6
9.2

(1)

-Estimated gain from single-trait selection. (2)Genotypic standard deviation of real stem straightness expressed

in a scale with 5 classes.

(3)

The gain expressed in genotypic standard deviation. A selection proportion of 10% was

used in the calculation

At age 5.5 years, the values of coefficients of genotypic variation (CVG)
for growth traits and wood density were low (Table 8). The CVG values for
shrinkage, stiffness and strength were higher than those of growth traits.
Moderate estimates of clonal repeatability at age 5.5 years (0.20-0.38) were
found for growth, stem straightness, total transverse shrinkage traits and
static bending strength. However, repeatability estimates for static bending
stiffness were high (0.57).
The individual tree heritability and clonal repeatability estimates for
growth traits, stem straightness, density and shrinkage increased with age (I,
II, III and IV). There was no consistent pattern of differences for the
estimates of H2 for mechanical properties between heartwood (HW) and
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sapwood (SW), implying that the genetic control of wood mechanical
properties is stable with age.
The predicted gains, based on the gathered data, were high for growth
and wood properties (Table 7 and 8). The gains for the best individual
within the best families in forward selection for breeding were 19.8 and
12.4% for HT and DBH, respectively, and 18.5% for DEN (Table 7). The
gain in stem straightness was expressed as improvement of 1.56 classes in a
scale with 5 classes. The gains from selection of the best clones ranged from
9.2-13.6% for shrinkage and mechanical properties (Table 8).

4.2 Age-age correlations and relative selection efficiency
Strong age-age genotypic correlations were observed for growth traits,
wood density, total transverse shrinkage, stiffness and strength between
heartwood and sapwood (Table 9), indicating that heartwood (younger)
traits are good genetic indicators of the sapwood (older) traits. Therefore,
there will be more gain per unit time with selection at an earlier age.
Table 9. Age-age additive genetic correlation (rA), age-age genotypic correlation (rG) for height, diameter,
total transverse shrinkage and mechanical traits (for meanings of abbreviations see Tables 7 and 8; ages
in parentheses)
Trait (age)
HT(3) vs HT(9)
HT(5) vs HT(9)
DBH(3) vs DBH(9)
DBH(5) vs DBH(9)
STR(5) vs STR(9)
VOL(5) vs VOL(9)
DEN(3) vs DEN(9)
DEN(6) vs DEN(9)
Thw vs Tsw
Rhw vs Rsw
MoEhw vs MoEsw
MoRhw vs MoRsw

rA
0.64±0.17
0.91±0.08
0.86±0.10
0.93±0.05
0.87±0.18
0.91±0.05
1.02±0.03
0.99±0.02

rG

0.87±0.20
0.95±0.26
0.99±0.05
0.88±0.18

Note: Ages of the density traits are approximated; hw heartwood trait; sw sapwood trait

Juvenile-mature and age-age correlations are important for evaluating the
possibility of early selection and determining the best selection age (Falconer
& Mackay, 1996). Analyses of results of forward selection for the growth
traits and wood density in the A. auriculiformis provenance-progeny trial we
examined showed that higher genetic gains per unit time would be achieved
with selection at ages of 3 or 5 years, than at 9 years (Table 5, Paper II), and
overall the results indicate that the optimum age for selection could be as
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low as three years for growth traits and wood density in A. auriculiformis
breeding programs. Similarly, Raymond (2002) reported that early selection
for wood basic density could be applied at age 3 years in Eucalyptus species,
which display high heritability. It should be relatively easy to select for
growth, stem straightness and wood density at this age. However, material
with desirable forking, knot index, and other wood properties cannot be
selected for effectively at 3 years of age in northern Vietnam, because the
trees will still be too small (mean height ca. 7 m and mean DBH ca. 7 cm;
II). Five years is probably the minimum age for the expression of these traits
in the north (DBH ca. 11 cm at 5 years).

4.3 Genetic correlations and correlated responses to selection
for diameter and density
Diameter and height showed consistent, positive genetic and genotypic
correlations with stem straightness, but non-significant negative correlations
with wood properties, except for a negative correlation between diameter
and stiffness (Table 10). These findings show that selection for growth traits
would positively affect stem straightness and negatively affect wood stiffness,
but have only minor effects on wood density and shrinkage.
Table 10. Genotypic correlations between growth and quality traits, and correlated responses to direct
selection at 10% selected for diameter and density. For meanings of abbreviations, see Tables 7 and 8.
HT

DBH

DEN

Response to indicated traits
when selecting for

MoE

-0.26±0.25

-0.25± 0.23

0.62±0.14

DBH
-4.1

MoR

-0.13±0.36

-0.56±0.16

0.27±0.18

-8.2

DEN
10.3
4.5

R

-0.01±0.25

-0.14±0.22

0.22±0.20

-2.5

4.4

T

-0.04±0.26

-0.12±0.23

0.25±0.20

-2.3

5.2

DEN

-0.07±0.18

STR

0.79±0.15

a

a

-0.08±0.19
0.96±0.13

a

a

-3.5
4.7

Note: a Genetic correlation; significant (p<0.05) correlations in bold

Both shrinkage and mechanical properties showed positive correlations
with wood basic density (Table 10). However, as for the correlations with
growth traits, not all of the correlations between wood density and wood
properties were significantly different from zero (Table 10). Nevertheless,
the estimated genetic correlations between wood strength and density are
positive and moderate for both the heartwood and sapwood. Therefore,
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early selection based solely on density could result in improvements in both
heartwood and sapwood strength.
Predictions of genetic responses indicated that selection for diameter
would have minor impact on wood density. Selection of the 10% best
clones for diameter would decrease the wood density at age 9 years by 3.5%,
or 20 kg/m3, and increase the stem straightness score by 4.7%. The
tangential and radial shrinkage, strength and stiffness parameters showed
weak negative responses to selection for clone diameter, with declines of
2.3%, 2.5%, 4.1 % and 8.2%, respectively, from direct selection for this trait
(Table 10). Improvement of density (by 10%) would increase stiffness by 4%
and strength by 10.3%. However, this improvement would decrease the
dimensional stability of A. auriculiformis, with an increase of approximate 45% in total transverse shrinkage.
Since the genetic correlation between Pilodyn penetration and wood
basic density was strong and negative, lower density resulting in higher
penetration (rA=-0.88), Pilodyn penetration is generally reliable as an
indirect measure of wood basic density in A. auriculiformis. In addition, the
strong positive associations between total and partial shrinkage traits (Table
6, Paper IV) indicated that total shrinkage, which is easily measured, could
be the best character for assessing wood shrinkage traits.

4.4 Genotype by environment interactions affecting growth and
stem straightness
The genetic correlations for growth and stem straightness between test
sites were all significantly different from one, but the correlations between
pairs of test sites did not differ significantly from one another. Many clones
contributed to the interactions. The correlations ranged from low to
moderate (0.06 to 0.52) for most traits (Table 11), except for the correlation
of STR between Quang Binh and Binh Duong (0.79). The low betweensites genotypic correlations observed in this study could be explained by
between-site differences in both soil and climatic conditions (Kha, 2003).
Clone-by-site interactions were found to be strongest in comparisons of Ha
Tay (northern Vietnam) and Binh Duong (southern Vietnam) clone trials
and weaker in comparisons of the trials located at Quang Binh (centralnorth Vietnam) and Ha Tay, which have more similar environments (Table
11). Therefore, G×E effects are clearly of practical importance for clonal
development and different clones should be used in different regions.
In contrast, the rankings of seedlots for height, diameter, stem
straightness, forking and volume in a realised gain test series across the three
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trial sites (Ha Tay, Quang Binh and Quang Tri) were relatively stable. This
indicates that seedlot-by-environment interaction is of little practical
significance (Paper V). The rankings of the seedlots across three genetic gain
tests could be influenced by genetic buffering. Each seedlot in the tests
consisted of mixed seeds from many parents, with different genotypes.
Within a seedlot, different genotypes may prosper at different sites,
providing greater stability of performance at the stand level than is obtained
by use of an individual clone.
Table 11. Genotypic correlations between sites for growth traits and stem straightness at 3 years of age
(for meanings of abbreviations see Table 7)
Trait
HT

Site
Ha Tay
Quang Binh

Quang Binh
0.30 ±0.14

Binh Duong
0.42±0.13
0.52±0.12

DBH

Ha Tay
Quang Binh

0.50±0.15

0.06±0.14
0.35±0.14

VOL

Ha Tay
Quang Binh

0.44±0.16

0.45±0.12
0.43±0.14

STR

Ha Tay
Quang Binh

0.37±0.15

0.41±0.13
0.79±0.09

4.5 Genetic gains from the present breeding program in
Vietnam
Estimates of genetic gain from the present breeding program in Vietnam
(V) indicated that there is strong potential for gains in growth, both within
and between seed sources. The SSO select trees seedlot provided the best
performing plants at all three sites (Ha Tay, Quang Binh and Quang Tri),
followed by the SPA select trees seedlot and SSO routine seedlots, then the
mixture of seed from the best natural provenances, while the commercial
seedlot yielded the most slowly-growing plants at all three sites. The acrosssite estimates of realised gain for DBH, expressed as the percentage gain
relative to the DBH of trees originating from the mixture of seed from the
best natural provenances, were 16% for the SSO select trees seedlot, 7% for
the SPA select trees seedlot and 7% for the SSO routine seedlot. Plants
originating from the SSO and SPA seedlots had significantly straighter stems
and lower frequencies of stem forking than those originating from the
mixture of seed from the best natural provenances, which were in turn
superior to plants originating from the commercial seedlot.
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5 Implications for tree improvement of A.
auriculiformis in Vietnam
5.1 Improvement of wood properties
Acacia auriculiformis has sufficiently high wood stiffness (MoE=17.2-24.2
GPa) and strength (MoR=128-168 MPa) for the Vietnamese furniture
industry. Hence there is now no strong requirement to increase the wood’s
mechanical properties. However, wood quality (density, dimensional
stability, strength and freedom from defects) may become important
objectives in advanced breeding programs of A. auriculiformis in the future.
Improvement of basic density and total transverse shrinkage (T and R) may
be more important than improvement of other properties for A.
auriculiformis wood (II, III). Reduction of shrinkage anisotropy (the ratio
between T and R) will become more important when the use of drying
technology becomes more popular and commonly adopted (Walker, 2006)
in Vietnam.
In the first one or two generations, the improvement program has to
focus on increasing stem volume (especially diameter) and improving stem
quality (increasing stem straightness and reducing forking), in order to
improve the recovery of solid wood products and reduce harvesting costs
for pulpwood. Improving volume is very important if A. auriculiformis is to
compete with faster-growing alternatives like the widely planted acacia
hybrid clones. Otherwise, the area of A. auriculiformis plantations will
continue to shrink, even though it provides higher quality wood than the
hybrid. The high realised and predicted genetic gains for growth traits (10.1
-12.4% for diameter) show the potential of improvement in tree volume
from the breeding program (Table 7 and Paper V).
Since the number of families in the present base population is limited
(203 unrelated families), new genetic material has to be included in the
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breeding program to establish new long-term populations. In addition, to
increase future management options (including exploitation of favourable
G×E interactions), it has been suggested by Namkoong (1981) for the
Vietnamese program that separate populations should be formed for longterm breeding to optimize specific traits, such as stem volume and/or wood
properties.
A selection index based on genetic parameters and economic weights
dependent on the specific breeding objectives (Raymond, 2002; Borralho et
al., 1993) could deliver significant benefits in breeding. For example, an
index based on diameter, basic density and total transverse shrinkage of
heartwood, combined with a threshold value for stem straightness and
forking, could improve growth, stem quality, basic density and shrinkage.
Moreover, inclusion of density and shrinkage, assessed at an early age, in a
selection index would improve both heartwood and sapwood shrinkage,
because of the high juvenile-mature genetic correlations for these traits. The
weightings of the two terms could depend strongly on the relative
importance attached to improving shrinkage in the heartwood and sapwood,
respectively. Bio-economic modelling of Acacia growing and processing
systems in Vietnam is needed, to identify the most important breeding
objectives and to determine relative weights of the appropriate traits, as has
been done for Pinus radiata in Australia (Ivkovic et al., 2006).
Another option is that the industry could use large volumes of wood
from clones of the A. mangium x A. auriculiformis hybrid, which is less dense
and weaker than A. auriculiformis wood (Kim et al., 2008; Kha, 2001), and
stems of the hybrid break relatively easily during strong wind (Mai, 2009).
Breeding using elite individuals of both the parent species with improved
wood properties would be useful in order to breed new hybrid clones with
increased stiffness and strength.

5.2 Clonal deployment
Clonal forestry using selected individuals of A. auriculiformis masspropagated from stem cuttings (I) will capture favourable non-additive
genetic variation, as well as additive genetic variation that is obtained
through sexual breeding (Libby & Rauter, 1984). With A. auriculiformis,
clonal forestry is often used, allowing the possibility of selecting clones that
are “correlation breakers”, i.e. individuals in which existing correlations
between growth and wood quality traits no longer occur. If correlation
breakers can be identified, selection of individuals with outstanding wood
quality values would provide a simple, feasible way to improve the
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uniformity of A. auriculiformis wood and thus increase manufacturing
efficiency.
In clonal deployment programs, it may be necessary to either limit the
number of wood properties in a selection index, or relax threshold values of
some of the traits, in order to ensure that the best selections are obtained
within the limited resources of the program (Verryn, 2008). In the current
study population of 40 A. auriculiformis clones, no clone met the test
criterion of being within the top 10% for three target traits (diameter,
density and shrinkage). When the selection criteria were relaxed to “aboveaverage value of population” thresholds of being in the best 48% of the
population (diameter at breast height and density), and 47% (shrinkage),
assuming independence of traits, the probability PC of finding a clone
satisfying all these criteria would be PC= 0.108 or 4.33 in 40. Actually, it
was found that one clone in the trial met all criteria at these levels of
selection. Further to these three traits, there was a need to select for at least
another trait (stem straightness). Assuming a 50% threshold for straightness,
this equates to probabilistic value of PC = 0.108 × 0.5 = 0.054, or 5 in 100
clones. Clearly, there needs to be a reduction in the number of traits, or
further relaxation of selection criteria, if sufficient clones for deployment are
to be obtained from modest clonal programs testing only a few hundred
clones.
Significant G×E interaction effects were found in growth and stem
quality traits, i.e. the most promising clones were not the same at Ha Tay,
Quang Binh and Binh Duong (I). To manage G×E interactions, the best
clones could be selected for specific sites to maximize deployment gains.
This would involve identifying different plantation regions, representing
homogenous environmental zones within which selections are deployed.
Separate deployment populations in different zones would also be
established.
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6 Further research
Cheaper and more rapid methods for measuring shrinkage and
mechanical properties than the analyses of wood blocks used in these studies
are needed. There are some obvious alternatives, which have been
demonstrated to provide data that correlate strongly with direct
measurements, and explain 70-98% of the variation derived from direct
measurements (Huang et al., 2003; Baillères et al., 2002; Jayawickrama,
2001). For shrinkage, near infrared diffuse reflectance spectroscopy (NIRS)
is a highly promising method that could be adapted for rapid measurements
on wood (Baillères et al., 2002), and dynamic MoE could be assessed by
measuring sonic resonance frequencies of small axial samples of sapwood
(Ilic, 2003). In addition, FAKOPP and DIRECTOR-ST300 acoustic tools
can be used to assess MoE quickly on standing trees and logs (Huang et al.,
2003; Lindstrom et al., 2002). Further studies are needed to determine the
most effective tools for indirect measurements of shrinkage and mechanical
properties of A. auriculiformis wood. Studies of genotype by environment
interactions for these wood quality traits are also needed.
Bio-economic modelling (Ivkovic et al., 2006) of Acacia growing and
processing systems in Vietnam is needed, in order to identify the most
important traits for objective improvement at particular rotation ages. There
is a need to determine relative weights of these traits and to link them to
traits that can be assessed in younger trees for early selections in genetic
trials.
One rapidly expanding area of research is genetic mapping. In eucalypt
species, major candidate genes and quantitative trait loci (QTL) have been
found for traits such as volume growth, stem form, wood specific gravity,
fibre length, pulp yield and microfibril angle (Thamarus et al., 2004;
Verhaegen et al., 1997; Grattapaglia et al., 1996). Since trees have long
generation times, most studies have relied on single pedigrees to determine
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the number and size of QTLs affecting quantitative trait variation. However,
it is important to validate QTLs in additional pedigrees (Kumar et al., 2000),
because of the highly heterozygous, outbreeding nature of most tree species.
Identification of QTLs affecting wood and fibre properties will lead to a
greater understanding of these traits and help in selection and manipulation
of these traits in A. auriculiformis breeding programs.

42

References
Aggarwal, P.K., Chauhan, S.S. & Karmarkar, A. (2002). Variation in growth strain,
volumetric shrinkage and modulus of elasticity and their inter-relationship in Acacia
auriculiformis. Journal of Tropical Forest Products 8(2), 135-142.
Ani, S. & Lim, S.C. (1993). Variation in specific gravity of five-year-old Acacia mangium from
the Batu Arang plantation, Selangor, Malaysia. Journal of Tropical Forest Science 6,
203-206.
Arnold, R. & Cuevas, E. (2003). Genetic variation in early growth, stem straightness and
survival in Acacia crassicarpa, A. mangium and Eucalyptus urophylla in Bukidnon
province, Philippines. Journal of Tropical Forest Science 15(2), 332-351.
Arnold, R.J., Owen, J.V. & Johnson, I.G. (2004). Genetic variation in growth, stem
straightness and wood properties in Eucalyptus dunnii trials in northern New South
Wales. Forest Genetics 11(1), 1-12.
Baillères, H., Davrieux, F. & Ham-Pichavant, F. (2002). Near infrared analysis as a tool for
rapid screening of some major wood characteristics in a eucalyptus breeding
program. Annals of Forest Science 59(5-6), 479-490.
Bandara, K.M.A. (2006). Genetic improvement of solid wood product value of subtropical eucalypts: a
case study of Eucalyptus grandis and E. dunnii. Diss. The Australian National
University, 215 p.
Barnett, J. & Jeronimidis, G. (2003). Wood quality and its biological basis. Boca Raton, USA:
CRC Press LLC, 224 p.
Bendtsen, B.A. (1978). Properties of wood from improved and intensively managed trees.
Forest Products Journal 28(10), 61-72.
Bhat, K. & Priya, P. (2004). Influence of provenance variation on wood properties of teak
from the Western Ghat region in India. IAWA Journal 25(3), 273-282.
Borralho, N.M.G., Cotterill, P.P. & Kanowski, P.J. (1992a). Genetic control of growth of
Eucalyptus globulus in Portugal: II. Efficiencies of early selection. Silvae Genetica
41(2), 70-77.
Borralho, N.M.G., Cotterill, P.P. & Kanowski, P.J. (1993). Breeding objectives for pulp
production of Eucalyptus globulus under different industrial cost structures. Canadian
Journal of Forest Research 23(4), 648-656.

43

Borralho, N.M.G., Kanowski, P.J. & Cotterill, P.P. (1992b). Genetic control of growth of
Eucalyptus globulus in Portugal: I. Genetic and phenotypic parameters. Silvae
Genetica 41(1), 39-45.
Bowyer, J.L., Shmulsky, R. & Haygreen, J.G. (2003). Forest products and wood science: an
introduction. Ames, Iowa: Iowa State University Press, 558 p.
Burdon, R., Kibblewhite, R., Walker, J., Megraw, R., Evans, R. & Cown, D. (2004).
Juvenile versus mature wood: a new concept, orthogonal to corewood versus
outerwood, with special reference to Pinus radiata and P. taeda. Forest Science 50(4),
399-415.
Burdon, R.D. (1977). Genetic correlation as a concept for studying genotype-environment
interaction in forest tree breeding. Silvae Genetica 26(5-6), 168-175.
Callister, A. & Collins, S. (2008). Genetic parameter estimates in a clonally replicated
progeny test of teak (Tectona grandis Linn. f.). Tree Genetics & Genomes 4(2), 237245.
Cave, I.D. (1972). A Theory of the shrinkage of wood. Wood Science Technology 6(4), 284292.
Chafe, S.C. (1990). Relationship among growth strain, density and strength properties in two
species of Eucalyptus. Holzforschung 44, 431-437.
Chafe, S.C. (1994). Relationship between shrinkage and specific gravity in the wood of
Eucalyptus. Australia forestry 57, 59-61.
Chauhan, S.S. & Aggarwal, P. (2004). Effect of moisture sorption state on transverse
dimensional changes in wood. Holz als Roh- und Werkstoff 62(1), 50-55.
Chomchran, A., Visuthidepakul, S. & Hortrakul, P. (1986). Wood properties and potential
uses of 14 fast-growing tree species. Division of Forest product research, Royal
forest department, Thailand. 22p.
Clark, N.B. (2001). Longitudinal density variation in irrigated hardwoods. Appita 54(1), 4953.
Cornelius, J. (1994). Heritabilities and additive genetic coefficients of variation in forest trees.
Canadian Journal of Forest Research 24(2), 372-378.
Costa E Silva, J., Potts, B.M. & Dutkowski, G.W. (2006). Genotype by environment
interaction for growth of Eucalyptus globulus in Australia. Tree Genetics & Genomes
2(2), 61-75.
Cotterill, P.P. & Dean, C.A. (1990). Successful tree breeding with index selection. CSIRO
Australia, 88p.
Dao, T.M. (2006). Vietnam solid wood products - Annual report 2006. USDA For. Serv. Res.
Pap. GAIN Report - VM6075, 10p.
Dean, G.H. (1995). Objectives for wood fibre quality and uniformity. In: Pott, B.M., et al.
(Eds.) Eucalypts Plantations: Improving Fibre Yield and Quality. Hobart, Australia:
Proceedings of CRC-IUFRO conference, pp 5-9.
Dinwoodie, J.M. (2000). Timber: Its nature and behaviour. Second edition. Taylor & Francis,
272 p.
Doede, D.L. & Adams, W.T. (1998). The genetics of stem volume, stem form, and branch
characteristics in Sapling Noble Fir. Silvae Genetica 47(4), 177-183.

44

Dunlop, R.W., Resende, M.D.V. & Beck, S.L. (2005). Early assessment of first year height
data from five Acacia mearnsii (black wattle) sub-populations in South Africa using
REML/BLUP. Silvae Genetica 54(4-5), 166-174.
Evans, R. & Ilic, J. (2001). Rapid prediction of wood stiffness from microfibril angle and
density. Forest Products Journal 51, 53-57.
Falconer, D.S. & Mackay, T.F.C. (1996). Introduction to quantitative genetics. Harlow, England:
Pearson Education Limited, 480 p.
Floyd, R., Arnold, R., Farrell, G. & Farrow, R. (2003). Genetic variation in growth of
Eucalyptus grandis grown under irrigation in south-eastern Australia. Australian
Forestry 66(3), 184-192.
Gapare, W.J. (2003). Genetic parameter estimates for growth traits and stem straightness in a
breeding seedling orchard of Eucalyptus grandis. Journal of Tropical Forest Science
15(4), 613-625.
Gilmour, A.R., Gogel, B.J., Cullis, B.R., Welham, S.J. & Thompson, R. (2006). ASReml
User Guide Release 2.0. Hemel Hempstead, UK: VSN International Ltd, 287 p.
Ginwal, H.S., Kumar, P., Sharma, V.K., Mandal, A.K. & Harwood, C.E. (2004). Genetic
variability and early growth performance of Eucalyptus tereticornis Sm. in provenance
cum progeny trials in India. Silvae Genetica 53(4-5), 148-152.
Ginwal, H.S. & Mandal, A.K. (2004). Variation in Ggrowth performance of Acacia nilotica
Willd. ex Del. Provenances of wide geographical origin: Six year results. Silvae
Genetica 53(5-6), 264-269.
Grattapaglia, D., Bertolucci, F.L.G., Penchel, R. & Sederoff, R.R. (1996). Genetic mapping
of quantitative trait loci controlling growth and wood quality traits in Eucalyptus
grandis using a maternal half-sib family and RAPD markers. Genetics 144(3), 12051214.
Greaves, B.L., Borralho, M.N.G., Raymond, C.A. & Farrington, A. (1996). Use of a Pilodyn
for the indirect selection of basic density in Eucalyptus nitens. Canadian Journal of
Forest Research 26(9), 1643-1650.
Greaves, B.L., Borralho, N.M.G., Raymond, C.A., Evans, R. & Whiteman, P. (1997). Ageage correlations in, and relationships between basic density and growth in
Eucalyptus nitens. Silvae Genetica 46(5), 264–270.
Hamilton, M. & Potts, B.M. (2008). Eucalyptus nitens genetic parameters. New Zealand Journal
of Forestry Science 38(1), 102-119.
Hamilton, M.G., Raymond, C.A., Harwood, C.E. & Potts, B.M. (2009). Genetic variation
in Eucalyptus nitens pulpwood and wood shrinkage traits. Tree Genetics & Genomes
5(2), 307-316.
Hardiyanto, E.B. (2003). Growth and genetic improvement of Eucalyptus pellita in south
Sumatra, Indonesia. In: J.W.Turnbull (Ed.) Proceedings of Eucalypts in Asia,
Zhanjiang, Guangdong, China pp. 82-88.
Hazani, O. (1994). Physical and mechanical properties of Acacia mangium Willd and A.
auriculiformis A. Cunn ex. Benth from different sites and provenances. Faculty of
Forestry, University Putra Malaysia, 15 p.
Henson, M., Boyton, S., Davies, M., Joe, B., Kangane, B., Murphy, T., Palmer, G. &
Vanclay, J. (2004). Genetic parameters of wood properties in a 9 years old

45

Eucalyptus dunnii progeny trial in NSW, Australia. In: Borralho, N.M.G., et al.
(Eds.) Proceedings of Eucalyptus in a changing world, Portugal, 83-83.
Hernandez, R., Koubaa, A., Beaudoin, M. & Fortin, Y. (1998). Selected mechanical
properties of fast-growing poplar hybrid clones. Wood and Fiber Science 30(2), 138147.
Hillis, W. & Brown, A. (1984). Eucalypt for wood production. CSIRO, Australia, 434 p.
Hock, R. & Mariaux, A. (1984). Vitesse de croissance et retrait du bois: relation entre la
largeur des cernes d'accroissement et le retrait au séchage dans quelques arres
tropicaux. Rev. Bois. For. Trop. 203, 79-90 (in French).
Hodge, G., Dvorak, W., Urueña, H. & Rosales, L. (2002). Growth, provenance effects and
genetic variation of Bombacopsis quinata in field tests in Venezuela and Colombia.
Forest Ecology and Management 158(1-3), 273-289.
Huang, C.-L., Lindstrom, H., Nakada, R. & Ralston, J. (2003). Cell wall structure and wood
properties determined by acoustics - a selective review. Holz als Roh- und Werkstoff
61(5), 321-335.
Ilic, J. (2003). Dynamic MOE of 55 species using small wood beams. Holz als Roh- und
Werkstoff 61(3), 167-172.
Innes, T. (2007). Processing and wood properties of four ages of Eucalyptus obliqua. Holz als
Roh- und Werkstoff 65(3), 197-200.
Ivkovic, M., Wu, H.X., McRae, T.A. & Powell, M.B. (2006). Developing breeding
objectives for radiata pine structural wood production. I. Bioeconomic model and
economic weights. Canadian Journal of Forest Research 36(11), 2920-2931.
Jahan, M.S., Sabina, R. & Rubaiyat, A. (2008). Alkaline pulping and bleaching of Acacia
auriculiformis grown in Bangladesh. Turkish Journal of Agriculture & Forestry 32(4),
339-347.
Jayawickrama, K.J.S. (2001). Breeding radiata pine for wood stiffness: review and analysis.
Australian Forestry 64(1), 52-56.
Johansson, M. (2002). Moisture-induced distortion in Norway spruce timber - experiments and
models. Diss. Chalmers University of Technology, Gothenburg, Sweden.
Kamis, A., Nor Aini, A.S., Adjers, G., Bhumibhamon, S., Pan, F.J. & Venkateswarlu, P.
(1994a). Performance of Acacia auriculiformis provenances at 18 months of four sites.
Journal of Tropical Forest Science 7(2), 251-261.
Kamis, A., Venkateswarlu, P., Nor Aini, A., Adjers, G., Bhumibhamon, S., Kietvuttinon, B.,
Pan, F., Pitpreecha, K. & Simsiri, A. (1994b). Three year performance of
international provenance trials of Acacia auriculiformis. Forest Ecology and Management
70(1), 147-158.
Keating, W.G. & Bolza, E. (1982). Characteristics properties and use of timbers in South-East Asia,
North Australia and the Pacific. Melbourne: Inkarta, 496 p.
Kha, L.D. (2001). Studies on natural hybrids of Acacia mangium and A. auriculiformis in Vietnam.
Ha Noi: Agriculture Publishing House, 171 p.
Kha, L.D. (2003). Chon tao giong va nhan giong cho mot so loai cay trong rung chu yeu o Viet Nam.
Ha Noi: Agriculture Publishing House, 292 p. (in Vietnamese)
Khasa, P.D. & Bousquet, J. (2001). Multivariate Analysis of allozyme and morphometric
variability in Racosperma auriculiforme and R. mangium. Silvae Genetica 50(5-6), 191199.

46

Khasa, P.D., Li, P., Vallee, G., Magnussen, S. & Bousquet, J. (1995). Early evaluation of
Racosperma auriculiforme and R. mangium provenance trials on four sites in Zaire.
Forest Ecology and Management 78(1-3), 99-113.
Kim, N., Ochiishi, M., Matsumura, J. & Oda, K. (2008). Variation in wood properties of six
natural acacia hybrid clones in northern Vietnam. Journal of Wood Science 54(6),
436-442.
Koubaa, A., Hernandez, R.E. & Beaudoin, M. (1998). Shrinkage of fast-growing hybrid
Poplar clones. Forest Products Journal 48(4), 82-87.
Kube, P.D., Raymond, C.A. & Banham, P.W. (2001). Genetic parameters for diameter,
basic density, cellulose content and fibre properties for Eucalyptus nitens. Forest
Genetics 8(4), 285-294.
Kumar, D. & Singh, N.B. (2001). Age-age correlation for early selection of clones of Populus
in India. Silvae Genetica 50(3-4), 103-108.
Kumar, P., Anathanarayana, A.K. & Sharma, S.N. (1987). Physical and mechanical properties
of Acacia auriculiformis from Karnataka. Indian Forester 113(8), 567-573.
Kumar, S., Carson, S.D. & Garrick, D.J. (2000). Detecting linkage between a fully
informative marker locus and a trait locus in outbred populations using analysis of
variance. Forest Genetics 7, 47-56.
Leksono, B., Kurinobu, S. & Ide, Y. (2008). Realized genetic gains observed in second
generation seedling seed orchards of Eucalyptus pellita in Indonesia. Journal of Forest
Research 13(2), 110-116.
Libby, W.J. & Rauter, R.M. (1984). Advantages of clonal forestry. Forestry Chronicle 60(3),
145-149.
Lim, S.C. & Gan, K.S. (2000). Some physical properties and anatomical features of 14-yearold Acacia mangium. Journal of Tropical Forest Products 6(2), 206-213.
Lindstrom, H., Harris, P. & Nakada, R. (2002). Methods for measuring stiffness of young
trees. Holz als Roh- und Werkstoff 60(3), 165-174.
Luangviriyasaeng, V. & Pinyopusarerk, K. (2002). Genetic variation in second-generation
progeny trial of Acacia auriculiformis in Thailand. Journal of Tropical Forest Science
14(1), 131-144.
MacDonald, A.C., Borralbo, N.M.G. & Potts, B.M. (1997). Genetic variation for growth
and wood density in Eucalyptus globulus ssp. globulus in Tasmania (Australia). Silvae
Genetica 46(4), 236-241.
Mahat, M.N. (1999). Genetic variation of growth and selected wood properties of four years old Acacia
auriculiformis provenances at Serdang Selangor. Diss. Putra University of Malaysia,
139p.
Mahmood, K., Marcar, N.E., Naqvi, M.H., Arnold, R.J., Crawford, D.F., Iqbal, S. & Aken,
K.M. (2003). Genetic variation in Eucalyptus camaldulensis Dehnh. for growth and
stem straightness in a provenance-family trial on saltland in Pakistan. Forest Ecology
and Management 176(1-3), 405-416.
Mai, V.T. (2009). Giai dap trong tham canh rung kinh te [online]. Available from:
http://www.nongnghiep.vn/nongnghiepvn/vi-VN/61/158/2/20/20/20040/
Default.aspx [Accessed 4 September] (in Vietnamese).
Malan, F.S. (1997). South African experience, timber management towards end product
quality and end product value. In: Proceedings of CTIA/IUFRO International Wood

47

Quality Workshop, Quebec City, Canada, August 18-22, 1997 Division III. pp. 4753.
Marco, M. & White, T.L. (2002). Genetic parameter estimates and genetic gains for
Eucalyptus grandis and E. dunnii in Argentina. Forest Genetics 9(3), 205-215.
Matheson, A.C. & Raymond, C.A. (1996). A review of provenance x environment
interaction: its practical importance and use with particular reference to the tropics.
Commonwealth Forestry Review 65(5), 283-302.
Moran, G.F., Muona, P. & Bell, J.C. (1989). Breeding systems and genetic diversity in Acacia
auriculiformis and A. crassicarpa. Biotropica 21(3), 250-256.
Muneri, A. & Raymond, C.A. (2000). Genetic parameters and genotype-by-environment
interactions for basic density, Pilodyn penetration and stem diameter in Eucalyptus
globulus. Forest Genetics 7(4), 317-328.
Namkoong, G. (1981). Introduction to quantitative genetics in forestry. Tunbridge Wells: Castle
House, 342 p.
Nebgen, R.J. & Lowe, W.J. (1982). Inheritance of growth, branch angle, and specific gravity
in three American sycamore populations. Silvae Genetica 31(2-3), 86-89.
Nepveu, G. (1984). Genetic control of wood density and shrinkage in three oak species
(Quercus petraea, Quercus robur and Quercus rubra). Silva Genetica 33(4-5), 110-115.
Nghia, N.H. (2003). Phat trien cac loai Keo Acacia o Viet Nam. Ha Noi: Agriculture Publishing
House, 121 p. (in Vietnamese)
Nicholson, J.E., Hillis, W.E. & Ditchburne, N. (1975). Some tree growth–wood property
relationships of eucalypts. Canadian Journal of Forest Research 5(3), 424-432.
Nirsatmanto, A. & Kurinobu, S. (2002). Trend of within-plot selection practiced in two
seedling seed orchards of Acacia mangium in Indonesia. Journal of Forest Research 7(1),
49-52.
Nor Aini, A.S., Kamis, A., Mansor, M.R. & Abd, L.S. (1994). Provenance trial of Acacia
auriculiformis in Peninsular Malaysia: 12-month performance. Journal of Tropical
Forest Science 6(3), 249-256.
Nor Aini, A.S., N., N.A. & Awang, K. (1997). Selected wood properties of Acacia
auriculiformis and A. crassicarpa provenances in Malaysia. In: Turnbull, J.W., et al.
(Eds.) Proceedings of Recent developments in Acacia planting, Ha Noi-Vietnam pp. 155160.
Olesen, P.O. (1971). The water displacement method. Forest Tree Improvement 3(1), 1-23.
Ormarsson, S., Dahlblom, O. & Petersson, H. (1998). A numerical study of the shape
stability of sawn timber subjected to moisture variation. Wood Science Technology
32(5), 325-334.
Osorio, L.F., White, T.L. & Huber, D.A. (2001). Age trends of heritabilities and genotypeby-environment interactions for growth traits and wood density from clonal trials
of Eucalyptus grandis Hill ex Maiden. Silvae Genetica 50(3-4), 108-117.
Osorio, L.F., White, T.L. & Huber, D.A. (2003). Age–age and trait–trait correlations for
Eucalyptus grandis Hill ex Maiden and their implications for optimal selection age
and design of clonal trial. Theoretical and Applied Genetics 106(4), 735-743.
Otegbeye, G.O. (1991). Age trends in the genetic control of stem diameter of Eucalyptus
tereticornis and the implication for selection. Silvae Genetica 40(2), 85-87.

48

Otegbeye, G.O. & Samarawtra, I. (1992). Genetics of growth and quality characteristics of
Eucalyptus camaldulensis Dehnh. Silvae Genetica 41(4-5), 249-252.
Otsamo, A.O., Nikles, D.G. & Vuokko, R.H.O. (1996). Species and provenance variation
of candidate Acacias for afforestation of Imperata cylindrica grasslands in South
Kalimantan, Indonesia. In: Dieters, M.J., et al. (Eds.) Tree Improvement for Sustainable
Tropical Forestry - QFRI-IUFRO Conf. Caloundra, Queensland, Australia:
Queensland Forest Research Institute.
Pinkard, E.A. (2002). Effects of pattern and severity of pruning on growth and branch
development of pre-canopy closure Eucalyptus nitens. Forest Ecology and Management
157(1), 217-230.
Pinyopusarerk, K. (1990). Acacia auriculiformis: an annotated bibliography. Bangkok, Thailand:
Winrock International-F/FRED and ACIAR, 154 p.
Raymond, C.A. (2000). Tree breeding issues for solid wood production. The future of
eucalypts for wood products, IUFRO Conf. Launceston, Australia. 11p.
Raymond, C.A. (2002). Genetics of Eucalyptus wood properties. Annals of Forest Science 59(56), 525–531.
Raymond, C.A., Schimleck, L.R., Muneri, A. & Michell, A.J. (2001). Genetic parameters
and genotype-by-environment interactions for pulp yield predicted using near
infrared reflectance analysis and pulp productivity in Eucalyptus globulus. Forest
Genetics 8(3), 213-224.
Raymond, C.A., Volker, P.W. & William, E.R. (1997). Provenance variation, genotype by
environment interactions and age-age correlations for Eucalyptus regnans on nine
sites in south eastern Australia. Forest Genetics 4(4), 235-251.
Rochon, C., Margolis, H. & Weber, J. (2007). Genetic variation in growth of Guazuma
crinita (Mart.) trees at an early age in the Peruvian Amazon. Forest Ecology and
Management 243(2-3), 291-298.
Rozenberg, P.H. & Cahalan, C.H. (1997). Spruce and wood quality: Genetic aspects (A
review). Silvae Genetica 46(5), 270-279.
Santos, P.E.T., Geraldi, I.O. & Garcia, J.N. (2004). Estimates of genetic parameters of wood
traits for sawn timber production in Eucalyptus grandis. Genetics and Molecular Biology
27(4), 567-573.
Sekhar, A.C., Rajput, S.S. & Dehra Dun (1967). Some studies on the shrinkage behaviour of
wood. Wood Science Technology 1, 99-108.
Skaar, C. (1988). Wood water relations. New York: Springer-Verlag, 283 p.
Sotelo Montes, C., Beaulieu, J. & Hernández, R. (2007a). Genetic variation in wood
mechanical properties of Calycophyllum spruceanum at an early age in the Peruvian
Amazon. Wood and Fiber Science 39(4), 578-590.
Sotelo Montes, C., Beaulieu, J. & Hernandez, R.E. (2007b). Genetic variation in wood
shrinkage and its correlations with tree growth and wood density of Calycophyllum
spruceanum at an early age in the Peruvian Amazon. Canadian Journal of Forest
Research 37(5), 966-976.
Sotelo Montes, C., Hernandez, R.E., Beaulieu, J. & Weber, J.C. (2006). Genetic variation
and correlations between growth and wood density of Calycophyllum spruceanum at
an early age in the Peruvian Amazon. Silvae Genetica 55(4/5), 217-228.

49

Steele, P.H. (1984). Factors determining lumber recovery in sawmilling. Madison, Wisconsin.:
United States Department of Agriculture, Forest Servrice, Forest Products
Laboratory. General Technical Report - FPL-39, 10 p.
Stener, L.-G. & Hedenberg, O. (2003). Genetic parameters of wood, fibre, stem quality and
growth traits in a clone test with Betula pendula. Scandinavian Journal of Forest
Research 18(2), 103-110.
Suanto, M., Prayitno, T.A. & Fujisawa, Y. (2008). Wood genetic variation of Acacia
auriculiformis at Wonogiri trial in Indonesia. Journal of Forestry Research 5(2), 135145.
Thamarus, K.A., Groom, K., Bradley, A., Raymond, C.A., Schimleck, L.R., Williams, E.R.
& Moran, G.F. (2004). Identification of quantitative trait loci for wood and fibre
properties in two fullsib pedigrees of Eucalyptus globulus. Theoretical and Applied
Genetics 109, 856-864.
Tsoumis, G.T. (1991). Science and technology of wood: structure, properties, utilization. New York:
Van Nostrand Reinhold, 400 p.
Turnbull, J.W., Midgley, S.J. & Cossalter, C. (1997). Tropical Acacias planted in Asia: an
overview of recent developments in Acacias planting. In: Turnbull, J.W., et al.
(Eds.) Proceedings of Recent Developments in Acacia Planting, Ha Noi pp. 14-18.
van Bueren, M. (2004). Acacia Hybrids in Vietnam. Canberra, Australia: Australian Centre for
International Agricultural Research, 44 p.
Varghies, M., Harwood, C.E., Hegde, R. & Ravi, N. (2008). Evaluation of provenances of
Eucalyptus camaldulensis and clones of E. camaldulensis and E. tereticornis at contrasting
sites in southern India. Silvae Genetica 57(3), 170-179.
Verhaegen, D., Plomion, C., Gion, J.M., Poitel, M., Costa, P. & Kremer, A. (1997).
Quantitative trait dissection analysis in Eucalyptus using RAPD markers. 1.
Detection of QTL in interspecific hybrid progeny, stability of QTL expression
across different ages. Theoretical and Applied Genetics 95, 597-608.
Verryn, S. (2008). Breeding for wood quality–a perspective for the future. New Zealand
Journal of Forestry Science 38(1), 11-14.
Volker, P.W., Dean, C.A., Tibbits, W.N. & Ravenwood, I.C. (1990). Genetic parameters
and gains expected from selection in Eucalyptus globulus in Tasmania. Silvae Genetica
39(1), 18-21.
Walker, J.C.F. (2006). Primary wood processing: principles and practice. Dordrecht, The
Netherlands: Springer, 603 p.
Wei, X. & Borralho, N.M.G. (1997). Genetic control of wood basic density and bark
thickness and their relationships with growth traits of Eucalyptus urophylla in South
East China. Silvae Genetica 46(4), 245-250.
Wei, X. & Borralho, N.M.G. (1998). Genetic control of growth traits of Eucalyptus urophylla
S. T. Black in South East China. Silvae Genetica 47(2-3), 158-165.
Whiteman, P.H., Dean, C.A., Doran, J.C. & Cameron, J.N. (1992). Genetic parameters and
selection strategies for Eucalyptus nitens (Dean and Maiden) in Victoria. Silvae
Genetica 41(2), 77-81.
Wickneswari, R. & Norwati, M. (1993). Genetic diversity of natural populations of Acacia
auriculiformis. Australian Journal of Botany 41(1), 65-78.

50

Wright, J.A. & Burley, J. (1990). The correlation of wood uniformity with the paper making
traits of tropical pines. Tappi Journal 73(3), 231-235.
Yang, J. & Fife, D. (2003). Identifying check-prone trees of Eucalyptus globulus Labill. using
collapse and shrinkage measurements. Australian Forestry 66(2), 90-92.
Yang, J.L. & Evans, R. (2003). Prediction of MOE of eucalypt wood from microfibril angle
and density. Holz als Roh- und Werkstoff 61(6), 449-452.
Yang, M. & Zeng, Y. (1991). Results from four-year-old tropical Acacia species/provenance
trial on Hainan island, China. In: Turnbull, J.W. (Ed.) Proceedings of Advances in
tropical Acacia research, Canberra, Australia pp. 170-172.
Zhang, S.Y. (1995). Effect of growth rate on wood specific gravity and selected mechanical
properties in individual species from distinct wood categories. Wood Science and
Technology 29(6), 451-465.
Zhang, S.Y., Yu, Q. & Beaulieu, J. (2004). Genetic variation in veneer quality and its
correlation to growth in white spruce. Canadian Journal of Forest Research 34(6),
1311-1318.
Zobel, B. & Van Buijtenen, J.P. (1989). Wood variation: its causes and control. Springer-Verlag
Heidelberg, 363 p.
Zobel, B.J. & Jett, J.B. (1995). Genetics of wood production. Springer-Verlag New York, 352 p.
Zobel, B.J. & Sprague, J.R. (1998). Juvenile wood in forest trees. Berlin: Springer-Verlag, 300 p.
Zobel, B.J. & Talbert, J.T. (1984). Applied forest tree improvement. New York: John Wiley and
Sons, 505 p.

51

52

Acknowledgements
I thank my main supervisor Gunnar Jansson and my three assistant
supervisors (Chris Harwood, Bjorn Hannrup and Sara von Arnold) for
competent and stimulating guidance throughout my doctoral studies. The
multidisciplinary competences represented by these supervisors have been of
great value for the studies and I have especially appreciated the generous and
friendly atmosphere of our common efforts. I thank you for these years and
wish you good luck with present and future challenges.
Several others have contributed substantially to the work entailed in
producing this thesis. I would like to specifically acknowledge the
contributions of the following persons:
Ha Huy Thinh, Director of the Research Centre for Forest Tree
Improvement, for support in many ways and showing hospitality during all
phases of the work.
Brian Baltunis and Washington Gapare reviewed Papers I and II, Kevin
Harding reviewed Papers III and IV and Ken Eldridge and David Bush
reviewed Paper V. Thank for your constructive remarks and scientific
discussions.
La Anh Duong, Nguyen Tuan Hung, Nguyen Quoc Toan, Do Huu
Son, Le Anh Tuan, Nguyen Dinh Hai, Mai Trung Kien, Bui Tien Hung,
Dang Phuoc Dai and Le Quy Thang contributed with technical assistance in
collections of wood samples, measurements of wood properties and
fieldwork. Their care and skill have together with their positive attitudes
been of great value to the work.
Do Van Ban for fruitful collaboration in the development of the
technique for measuring wood shrinkage, static bending stiffness and
strength.
I also wish to thank my colleagues at the Research Centre for Forest
Tree Improvement, the Forest Science Institute of Vietnam, the

53

Department of Plant Biology and Forest Genetics, SLU, in Uppsala and my
Vietnamese friends in Uppsala for the good times we had and their indirect
but invaluable support during the doctoral work. I am especially grateful to
the present Director of the Forest Science Institute of Vietnam, Nguyen
Hoang Nghia, who encouraged me during these efforts.
I thank my parents, family, and family-in-law for support and
understanding. Special thanks are due to my mother and mother-in-law for
excellent baby-sitting during my stays in Sweden.
Last to be mentioned, but always in mind, are my beloved wife, Nguyen
Thi Van Ha and our lovely sons: Phi Nguyen Hai Minh and Phi Nguyen
Nhat Minh. I thank you for inspiration, support and for putting this work
into perspective.
This thesis was carried out within the framework of the project “Uses of
genetic diversity and biotechnological advances in forest tree improvement
research”, sponsored by Sida-SAREC.
The progeny trial, clonal tests and genetic gain tests used in this study
were established in cooperation with the Research Centre for Forest Tree
Improvement and CSIRO Forestry and Forest Products, with support from
the national project “Improvement in tree volume and wood quality for
several main planting species, period of 2006-2010”, the FAO’s Regional
Project RAS/91/004 (FORTIP), and the ACIAR-funded Domestication of
Australian Trees program.

54

