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Abstract
• Genotypic variation in wood total and partial shrinkage, basic density and growth traits was esti-
mated in 51/2 year old Acacia auriculiformis trees in a clonal test.
• In the tangential, radial and longitudinal directions, the mean values were 2.64%, 1.64% and 0.77%
for partial shrinkage, and 5.92%, 3.23%, and 0.96% for total shrinkage, respectively. Total and partial
transverse shrinkage were significantly greater in sapwood than in heartwood.
• Clonal repeatability (H2

C) estimates for partial shrinkage were lower than those for total shrinkage,
and heartwood shrinkages had lower H2

C than those for sapwood. Estimates of H2
C were from 0.32 to

0.38 for total transverse shrinkage, comparable to H2
C for both total and partial volumetric shrinkages

(0.40 and 0.32, respectively). However, H2
C for longitudinal shrinkages, total and partial coefficients

of anisotropy were only from 0.09 to 0.18.
• The genotypic coefficients of variation of all shrinkage traits varied from 5.45% to 8.02%. Total
shrinkage was strongly positively correlated with partial shrinkage in each dimension. Genotypic cor-
relations were not significant between shrinkage and growth traits or density. Strong and significant
correlations between transverse shrinkage in heartwood and sapwood (0.87) indicated that juvenile
shrinkage is a good genetic indicator of this trait in older trees.
Utilisation du retrait du bois dans l’amélioration de l’Acacia auriculiformis A. Cunn. ex Benth à
croissance rapide au Vietnam.
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Résumé – Utilisation du retrait du bois dans l’amélioration de l’Acacia auriculiformis A. Cunn.
ex Benth à croissance rapide au Vietnam.
•Nous avons estimé la variation génotypique, des retraits partiels et totaux, de la densité du bois ainsi
que des traits de croissance dans un test clonal d’Acacia auriculiformis âgé de cinq ans et demi.
• Les retraits partiels (à 12 % d’humidité) dans les directions tangentielle, radiale et longitudinale
sont respectivement de 2,64 %, 1,64 % et 0,77 % tandis que les retraits totaux (à l’état anhydre) sont
respectivement de 5,92 %, 3,23 % et 0,96 %. Les retraits partiels et totaux transverses sont significa-
tivement plus élevés dans l’aubier que dans le bois de cœur.
• Les estimations de la répétabilité clonale (H2

C) pour les retraits partiels sont plus faibles que celles
obtenues pour les retrait totaux et les retraits du bois de cœur ont une plus faible (H2

C) que ceux de
l’aubier. Les estimations de (H2

C) sont de 0,32 et 0,38 pour le retrait transverse total, valeurs compa-
rables à (H2

C) pour les retraits volumétriques total et partiel (respectivement 0,4 et 0,32). Cependant
(H2

C) pour les retraits longitudinaux total et partiels ainsi que pour les coefficients d’anisotropie total
et partiels, varient seulement de 0,09 à 0,18.
• Les coefficients génotypique de variation de tous les types de retraits varient de 5,45 % à 8,42 %.
Les retraits totaux sont fortement corrélés positivement avec les retraits partiels de chaque direction.
Les corrélations génotypiques entre les retraits et les traits de croissance ou la densité ne sont pas
significatives. Les corrélations importantes et significatives entre le retrait transverse du bois de cœur
et de l’aubier (0,87) indiquent que le retrait juvénile est un bon indicateur génétique de ce trait dans
les arbres plus âgés.
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1. INTRODUCTION

Plantation forestry is an attractive wood production option
in the tropics because the rotation time is usually much shorter
than in naturally regenerated stands. However, wood proper-
ties are likely to be affected because trees grown in plantations
have a higher proportion of juvenile wood compared with trees
from naturally regenerated slow-growing stands (Skaar, 1988).
Rapid radial changes in juvenile wood properties occur within
the stem. Since juvenile wood will be used increasingly in the
future, there is a need for research on genetic variation in ju-
venile wood properties, their correlations with tree growth and
their impact on end-use products (Zobel and Sprague, 1998).

Acacia auriculiformis, which occurs naturally in north-
ern Australia, Papua New Guinea and West Papua, Indone-
sia, was selected as one of five priority species in the humid
tropical lowlands. Its main attributes as a plantation species
are rapid early growth, good wood quality for pulp, and
wide range of solid wood products including furniture and
framing in southeast Asia (Turnbull et al., 1997). Published
studies of this species indicate there are significant differ-
ences in growth traits, stem form and wood density between
provenances and between families within provenances (Hai
et al., 2008a; 2008b; Khasa et al., 1995; Luangviriyasaeng
and Pinyopusarerk, 2002). Improvement in growth, form, and
wood basic density has been emphasized in the breeding of
A. auriculiformis (Hai et al., 2008a; Turnbull et al., 1997). Ef-
forts are underway to add wood properties such as strength and
shrinkage, which have significant impacts on end-use products
(Walker, 2006).

Shrinkage is one of the most important properties for di-
mensional stability of wood. Excessive shrinkage during dry-
ing causes warping (bow, cup, twist and spring), cracking and
angular deformation in wood (Ormarsson et al., 1998; Skaar,
1988). Processed wood expands or shrinks in service accord-
ing to ambient moisture levels, and excessive shrinkage can
cause unacceptable defects in products such as flooring and
furniture. Therefore, wood with low shrinkage is desirable
in sawn-timber production and solid-wood products (Walker,
2006).

Wood is an anisotropic material: that is, its properties,
including shrinkage rates, differ in three directions: tangen-
tially, radially and longitudinally. In general, wood shrinks
about twice as much tangentially as radially, and shrinks by a
very small amount longitudinally (Cave, 1972; Zobel and Van
Buijtenen, 1989). Juvenile wood tends to have less transverse
(radial and tangential) shrinkage 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 cup, cracking and angular deformation in wood dur-
ing desorption (Chauhan and Aggarwal, 2004; Skaar, 1988).
Longitudinal shrinkage and its variation over cross-sections of
studs can cause distortions in terms of spring and/or bow. In
Norway spruce (Picea abies), radial variation of the longitudi-
nal shrinkage in the cross-section is assumed to be sufficient to
predict spring and bow in studs (Johansson, 2002). Volumetric
shrinkage provides an overall summary of the essential rela-
tionships between the shrinkage in various dimensions and the

moisture content of wood (Bandara, 2006). Knowledge about
genetic and within-tree variation for shrinkage traits and their
relationships to other economically important traits are needed
to include wood shrinkage as a selection criterion for dimen-
sional stability in A. auriculiformis genetic improvement pro-
grams. To date, there is no information available on genetic
variation in wood shrinkage traits in A. auriculiformis.

Nor Aini et al. (1997) reported broad-sense heritabilities of
0.38 and 0.44 for tangential and radial shrinkage of 5-year-
old A. crassicarpa in a provenance-family trial. In Eucalyp-
tus grandis, Bandara (Bandara, 2006) reported moderate nar-
row sense heritability estimates for partial shrinkage and high
estimates for total tangential and radial shrinkage. Tangen-
tial shrinkage was under stronger genetic control than radial
shrinkage. Sotelo Montes et al. (2007) also reported moderate
to high heritability estimates for linear and volumetric shrink-
ages and lower heritabilities for shrinkage anisotropy in Ca-
lycophyllum spruceanum. Shrinkage traits showed weak pos-
itive genetic correlations with growth traits and basic wood
density in E. grandis and C. spruceanum (Bandara, 2006;
Sotelo Montes et al., 2007) even though standard errors of the
estimates were high.

As part of a tree breeding program for A. auriculiformis
in Vietnam, clonal tests were established at three contrast-
ing sites: Ha Tay in the north, Quang Binh in north-central
Vietnam and Binh Duong in the south. A previous study based
on these trials showed clonal repeatabilities for growth traits
and stem form traits in these tests were 0.21 to 0.56 at age
3–4 and increased with age (Hai et al., 2008b). Age-age geno-
typic correlations were strong for growth traits but ranged
more widely (0.22 to 0.98) for stem-quality traits. Genotype
by environment interaction in clonal growth performance was
significant.

This paper presents results from studies of wood physical
properties from the Binh Duong trial. The aim of the study was
to investigate the possibility of genetically improving A. auri-
culiformis for solid wood production by studying the extent of
genetic variation in wood shrinkage and genetic relationships
between shrinkage traits, growth traits and wood density.

2. MATERIALS AND METHODS

The material for this study came from a test that included
120 clones from 61 families of A. auriculiformis established at Binh
Duong in southern Vietnam in 2001. The clones were developed by
coppicing the best three trees from each of the best 150 families se-
lected for growth rate and stem straightness, in a 3-year-old progeny
test of 192 open-pollinated families of A. auriculiformis in south-
ern Vietnam (Hai et al., 2008b) at Binh Duong province, 11◦ 32′ N,
105◦ 56′ E, altitude 50 m a.s.l. The test environment was favorable
for rapid growth of A. auriculiformis, with a mean annual rainfall of
2200 mm, a mean annual temperature of 26 ◦C and a free-draining
sandy loam soil of moderate fertility. The test used a row-column de-
sign generated by the computer program CycDesign (Williams et al.,
2002), with 8 replicates, each with 12 row and 10 column incom-
plete blocks. Each clone was represented by one two-ramet row plot
in each replicate. The original spacing was 2 m between trees within
rows and 4 m between rows.
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Table I. Measured traits included in the analysis.

Abbreviation Unit Description

Thw % Total tangential shrinkage of the heartwood

Tsw % Total tangential shrinkage of the sapwood

Rhw % Total radial shrinkage of the heartwood

Rsw % Total radial shrinkage of the sapwood

Lhw % Total longitudinal shrinkage of the heartwood

Lsw % Total longitudinal shrinkage of the sapwood

Tnhw % Partial tangential shrinkage of the heartwood

Tnsw % Partial tangential shrinkage of the sapwood

Rnhw % Partial radial shrinkage of the heartwood

Rnsw % Partial radial shrinkage of the sapwood

Lnhw % Partial longitudinal shrinkage of the heartwood

Lnsw % Partial longitudinal shrinkage of the sapwood

VoS % Total volumetric shrinkage

VoS n % Partial volumetric shrinkage

T/R The coefficient of anisotropy (T/R ratio) for total shrinkage

Tn/Rn The coefficient of anisotropy (Tn/Rn ratio) for partial shrinkage

HT m Total height

DBH cm Diameter at breast height

VOL dm3 tree−1 Tree volume

DEN g cm−3 Basic density of pith-to-bark breast-height core

2.1. Measurements and sampling

All the traits under consideration in this study (Tab. I) were eval-
uated from a sample of 200 trees (5 ramets each of 40 clones). Forty
clones are representatives of 31 families from Australia and Thailand.
Clones and ramets selected for sampling were chosen at random and
in total 8 replicates were represented. The measurements were carried
out 51/2 y after field planting. The mean height of the selected trees
was 14 m and diameter at breast height (1.3 m) was 10.7 cm.

2.1.1. Wood shrinkage

The 200 selected trees were felled after the core samples were ex-
tracted. A billet 200 mm in length with its base at a height of 1.3 m
was collected from each tree. The cut ends of the billets were immedi-
ately sealed with paraffin, stored in wet bags and transported directly
to the Forest Science Institute of Vietnam wood laboratory. Sapwood
and heartwood were visually delineated. Two defect-free standard
specimens along the north-south cardinal direction from bark to bark
(one in the dark heartwood and another in the light sapwood) were
cut from each billet (Fig. 1) into rectangular prisms, 20 mm (tangen-
tial) × 20 mm (radial) × 30 mm (longitudinal).

Sample preparation and measures of shrinkage in different direc-
tions followed ISO standard 4469-1981. Samples were soaked in dis-
tilled water for 72 h to ensure moisture content above the fiber sat-
uration point. The dimensions were measured with a digital caliper
to the nearest 0.001 mm at the mid-point on each axis of all three
principal directions, which were marked for re-measurement. The
specimens were subsequently placed in a conditioning chamber at
20 ± 2 ◦C and 65 ± 5% relative humidity (RH) for 45 d until they

200 mm 

Ground
level

1300 mm

Sample of sapwood

20 mm

30
mm

Sample of heartwood

20
mm

Figure 1. Sampling strategy of wood shrinkage and dimensions of
the samples.

reached the equilibrium moisture content (EMC) at air-dry condition
(EMC average = 12.68% ± 0.01%). Samples were then re-weighed,
and dimensions were re-measured. The samples were oven dried at
103 ◦C for 8 d until a constant oven-dry weight was attained, and
re-measured after samples had cooled to room temperature in a dry
atmosphere maintained using silica gel in sealed containers.

Dimensional differences of samples were used to estimate par-
tial (from green to 12% humidity) and total shrinkage (from green
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to oven-dry). Partial shrinkage was estimated in the tangential (T n),
radial (Rn), and longitudinal (Ln) dimensions and these values were
used to calculate the partial coefficient of anisotropy (T n/Rn) and par-
tial volumetric shrinkage (VoSn). Total shrinkage (100 × [saturated –
oven-dry dimension]/saturated dimension) was also estimated in the
tangential (T ), radial (R), and longitudinal (L) dimensions and used to
calculate the total coefficient of anisotropy (T/R) and total volumetric
shrinkage (VoS ).

2.1.2. Wood density

A 5-mm bark-to-pith increment core was taken from each tree
at 1.3 m and immediately sealed in an aluminium tube, and later
frozen. Since it is difficult to recognize annual rings in the cores of
this species, the cores were cut into two segments to estimate heart-
wood and sapwood density. The sapwood and heartwood were visu-
ally determined by colour, and area estimated. Density calculations
used the water displacement method (Olesen, 1971). For each sam-
ple, the mass of water displaced by immersion (W1) and oven dry
weight (W2) were measured. Density of each segment (DENhw and
DENsw) was then calculated as: DENi = W2/W1 (g cm−3), and total
core density (DEN) was then calculated as:

DEN =
W2hw +W2sw

W1hw +W1sw
(g cm−3) (1)

where W1hw and W1sw are weights of water displaced by immersion
of segments in heartwood and sapwood, respectively; and W2hw and
W2sw are oven-dry weights of segments in heartwood and sapwood.

2.1.3. Growth traits

After the sampled trees were felled, total tree height (m) and di-
ameter at breast height over bark (cm) were measured.

The conical stem volume was calculated using the following for-
mula:

VOL =
π

12
× HT × DBH2 (2)

where HT is in dm, DBH is in dm and VOL is in dm3 tree−1.

2.2. Statistical analysis

The statistical analysis was conducted in two steps: (i) univariate
analysis, where variance components for each trait were estimated;
and (ii) bivariate analysis to estimate variances and covariances be-
tween pairs of characters. Row and column incomplete block effects
within replicates were not modeled because the traits under consider-
ation in this study were evaluated using a sub-sample of less than 1/4
of the trees in the trial.

The following mixed linear model was used in the univariate anal-
yses:

y = Xb + Zc + e (3)

and the following bivariate model, which is an extension of model 3,
was used in the two-trait analyses:

⎡
⎢⎢⎢⎢⎢⎣

y1

y2

⎤
⎥⎥⎥⎥⎥⎦ =

⎡
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X1 0

0 X2

⎤
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⎡
⎢⎢⎢⎢⎢⎣

b1

b2

⎤
⎥⎥⎥⎥⎥⎦ +

⎡
⎢⎢⎢⎢⎢⎣

Z1 0

0 Z2

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

c1

c2

⎤
⎥⎥⎥⎥⎥⎦ +

⎡
⎢⎢⎢⎢⎢⎣

e1

e2

⎤
⎥⎥⎥⎥⎥⎦ (4)

where [y1] and [y2] are observation vectors of the traits; X1 and X2

are design matrices for fixed replicate effects; b1 and b2 are vectors
of fixed replicate effects; Z1 and Z2 are design matrices for random
clone effects; c1 and c2 are vectors of random clone effects; e1 and e2

are vectors of random residuals, and may be summarized as

c′ = (c′1, c
′
1) and e′ = (e′1, e

′
1).

The random factors are assumed to be normally distributed with ex-
pected values of zero, leading to:

E

⎡
⎢⎢⎢⎢⎢⎣

y1

y2

⎤
⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣

X1b1

X2b2

⎤
⎥⎥⎥⎥⎥⎦ (5)

and with the variance-covariance matrix assumed to be

Var

⎡
⎢⎢⎢⎢⎢⎣

c

e

⎤
⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣

G ⊗ Ic 0

0 R ⊗ In

⎤
⎥⎥⎥⎥⎥⎦ (6)

where G is the matrix with the clone variances and covariances, R
is the matrix with the residual variances and covariances, and Ic and
In are identity matrices for number of clones and trees, respectively.
Finally, ⊗ symbolizes the Kronecker product.

Clonal variance (σ2
C) and environmental variance (σ2

E) for differ-
ent traits were estimated using ASReml (Gilmour et al., 2006). The
phenotypic (σ2

P) variance was calculated as

σ2
P = σ

2
C + σ

2
E. (7)

The estimated variance components were used to calculate the clonal
repeatabilities for the traits under consideration. Clonal repeatability
was calculated as:

H2
C =

σ2
C

σ2
C + σ

2
E

. (8)

Repeatability of clone means was calculated as:

H2
C
=

σ2
C

σ2
C +
σ2

E

r

(9)

where r is the number of ramets within clones. The genotypic coeffi-
cient of variation (CVG), which expresses the genetic variance relative
to the mean of the trait of interest, was calculated as:

CVG =
100σC

x
(%) (10)

where x is the phenotypic mean. The genotypic correlation (rG) and
phenotypic correlation (rP) between traits or the same trait measured
at different ages (sapwood and heartwood) were estimated as:

rG =
σC1C2

σC1σC2

(11)

rP =
σP1P2

σP1σP2

(12)

where σC1C2 and σP1P2 are the genotypic and phenotypic covariance
between two traits, respectively. σC1 , σC2 and σP1 , σP2 are the geno-
typic and phenotypic standard deviations of trait 1 and trait 2. Stan-
dard errors of the estimates of the repeatabilities, genotypic and phe-
notypic correlations were calculated using a standard Taylor series
approximation (Gilmour et al., 2006).
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Table II. Mean values and standard errors for growth traits and
shrinkage properties: genotypic coefficients of variation (CVG),
clonal repeatabilities (H2

C), clonal mean repeatabilities (H2
C
).

Trait Mean CVG H2
C H2

C

Total shrinkage

T (%) 5.92 7.57 0.32 ± 0.08 0.70 ± 0.07

R (%) 3.23 7.53 0.38 ± 0.08 0.75 ± 0.06

L (%) 0.96 7.33 0.11 ± 0.07 0.37 ± 0.16

VoS (%) 11.45 7.16 0.40 ± 0.08 0.77 ± 0.06

T/R 1.85 8.02 0.18 ± 0.07 0.52 ± 0.12

Partial shrinkage

Tn (%) 2.64 7.85 0.29 ± 0.08 0.67 ± 0.08

Rn (%) 1.64 5.45 0.16 ± 0.07 0.48 ± 0.13

Ln (%) 0.77 5.81 0.09 ± 0.06 0.33 ± 0.12

VoS n (%) 4.98 5.82 0.32 ± 0.08 0.70 ± 0.08

Tn/Rn 1.82 6.73 0.17 ± 0.07 0.50 ± 0.13

Growth traits and Basic density

DBH (cm) 10.73 6.72 0.29 ± 0.08 0.67 ± 0.08

HT (m) 14.15 3.36 0.20 ± 0.07 0.56 ± 0.11

VOL (dm3) 43.67 16.77 0.33 ± 0.08 0.71 ± 0.07

DEN (g cm−3) 0.54 4.72 0.47 ± 0.08 0.82 ± 0.05

3. RESULTS

3.1. Mean values

The estimated mean values, coefficients of variation and
repeatabilities of the studied traits are presented at the tree
level in Table II and within-tree level in Table III. The mean
values for total and partial shrinkage in the tangential direc-
tion were 5.92% and 2.64%, respectively (Tab. II). In the ra-
dial direction, the mean values were 3.23% for total shrinkage
and 1.64% for partial shrinkage. Average longitudinal shrink-
age was the lowest, 0.96% for total shrinkage and 0.77% for
partial shrinkage. Shrinkage was much higher for volumetric
than transverse dimensions: 11.45% and 4.98% for total and
partial volumetric shrinkage, respectively. The total and par-
tial shrinkages in transverse (tangential and radial) directions
were significantly greater in the sapwood than in heartwood
(Tab. III). For example, total tangential shrinkage in heart-
wood averaged 4.86%, compared to 6.97% for sapwood. In
contrast, the longitudinal shrinkages of heartwood and sap-
wood were very similar. The mean ratio of tangential to ra-
dial shrinkage (coefficient of anisotropy) was around 1.85
(Tab. II) with clonal mean values ranging from 1.54 to 2.49
(data not shown). Sapwood tended to have a higher coefficient
of anisotropy than heartwood (Tab. III). Mean wood density
increased by 0.04 g cm−3 from the heartwood to the sapwood.

3.2. Clonal repeatabilities and genotypic coefficients
of variation

As reflected in the estimated clonal repeatabilities (H2
C),

clonal variance components were significant for transverse

Table III. Mean values and standard errors for shrinkage proper-
ties and basic wood density in heartwood and sapwood, respectively;
genotypic coefficients of variation (CVG), clonal repeatabilities (H2

C),
clonal mean repeatabilities (H2

C
).

Trait Mean CVG H2
C H2

C

Total shrinkage (%) in heartwood and sapwood

Thw 4.86 7.34 0.14 ± 0.07 0.45 ± 0.14

Tsw 6.97 7.54 0.31 ± 0.08 0.70 ± 0.08

Rhw 2.97 8.78 0.15 ± 0.07 0.46 ± 0.14

Rsw 3.51 10.15 0.22 ± 0.07 0.59 ± 0.10

Lhw 0.96 4.84 0.04 ± 0.01 0.16 ± 0.07

Lsw 0.96 8.07 0.06 ± 0.03 0.26 ± 0.12

T/Rhw 1.7 1.09 0.08 ± 0.01 0.31 ± 0.02

T/Rsw 2.06 1.81 0.22 ± 0.02 0.58 ± 0.03

Partial shrinkage (%) in heartwood and sapwood

Tnhw 2.24 5.28 0.11 ± 0.07 0.39 ± 0.15

Tnsw 3.04 9.53 0.29 ± 0.08 0.67 ± 0.08

Rnhw 1.59 4.16 0.13 ± 0.07 0.43 ± 0.14

Rnsw 1.7 6.43 0.21 ± 0.01 0.22 ± 0.08

Lnhw 0.78 5.73 0.06 ± 0.03 0.24 ± 0.10

Lnsw 0.77 5.97 0.03 ± 0.02 0.22 ± 0.09

T/Rnhw 1.43 1.01 0.01 ± 0.001 0.06 ± 0.006

T/Rnsw 1.84 1.04 0.13 ± 0.01 0.42 ± 0.03

Basic wood density in heartwood and sapwood (g m−3)

DENhw 0.52 5.12 0.50 ± 0.08 0.83 ± 0.04

DENsw 0.56 4.40 0.41 ± 0.08 0.77 ± 0.06

shrinkages, volumetric shrinkage and the coefficients of
anisotropy, but not for longitudinal shrinkage. The genotypic
coefficient of variation (CVG) ranged from 5.45% to 8.02% for
shrinkage traits (Tab. II), and were higher for total than for par-
tial shrinkage. Furthermore, sapwood shrinkage trait CVG val-
ues were consistently higher than the corresponding traits in
the heartwood (Tab. III). For both total and partial shrinkage,
the estimates of H2

C were 0.32 to 0.40 for volumetric shrink-
age, 0.16 to 0.38 for transverse shrinkage and 0.17 to 0.18
for the coefficients of anisotropy (Tab. II). Estimates of H2

C
were low for longitudinal shrinkages (0.03 to 0.11). Estimated
clonal repeatabilities of the sapwood shrinkage traits showed
generally higher CVG values than corresponding estimates of
the heartwood (Tab. III).

3.3. Genetic correlations

There were no significant genetic relationships detected be-
tween the growth traits (DBH, HT and VOL) and the total
shrinkage traits (T , R, L and VoS ) as seen from the estimated
genotypic correlations (Tab. IV). The correlations were neg-
ative and small, indicating a weak tendency of fast-growing
clones to have minor wood shrinkage. The same trend was
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Table IV. Genotypic correlations (significant correlations in bold,
p ≤ 0.05) and standard errors of correlations (within parenthesis)
among total shrinkage and between total shrinkage and growth traits
and density.

Trait T R L T/R VoS

DBH –0.18 –0.14 –0.08 –0.02 –0.13

(0.23) (0.22) (0.33) (0.28) (0.22)

HT –0.04 –0.01 –0.13 –0.45 –0.01

(0.26) (0.25) (0.36) (0.29) (0.25)

VOL –0.09 –0.10 –0.11 –0.08 –0.11

(0.23) (0.22) (0.32) (0.27) (0.22)

DEN 0.25 0.22 0.55 0.21 0.24

(0.20) (0.20) (0.28) (0.24) (0.20)

T 0.99 –0.10 –0.10 0.99

(0.04) (0.32) (0.27) (0.01)

R –0.53 –0.10 0.99

(0.27) (0.26) (0.01)

L 0.88 –0.30

(0.38) (0.29)

T/R 0.01

(0.08)

also evident for the relationships between the partial shrink-
age and DBH and VOL (Tab. V). Nevertheless, HT correlated
positively and unfavorably with partial shrinkage. All total and
partial shrinkage traits showed positive correlations with basic
density (from 0.01 to 0.55), but no significant correlations with
growth traits.

All total shrinkage traits had very strong positive corre-
lations with partial shrinkage traits in corresponding direc-
tions (Tab. VI). Similarly, all heartwood shrinkage traits were
strongly positively correlated with sapwood shrinkage in the
same direction (Tab. VI).

4. DISCUSSION

This study’s primary focus was on traits influencing dimen-
sional stability of wood: shrinkage in different directions, vol-
umetric shrinkage and the coefficient of anisotropy. Since the
trees used in this study were young, they consisted of juvenile
wood. The results showed substantial genotypic variation be-
tween clones for growth, wood density and wood transverse
shrinkage and suggest that deployment of A. auriculiformis
clones can be achieved in improvement of wood properties for
sawn-timber production.

4.1. Mean values of the shrinkage properties

Our mean values for transverse shrinkage (Tab. II) agree
with those of Nor Aini et al. (1997) who reported tangential

Table V. Genotypic correlations (significant correlations in bold, p �
0.05) and standard errors of correlations (within parenthesis) among
partial shrinkage and between partial shrinkage and growth traits and
density.

Trait Tn Rn Ln Tn/Rn VoS n

DBH –0.20 –0.11 –0.12 –0.06 –0.18

(0.24) (0.29) (0.35) (0.28) (0.23)

HT 0.08 0.51 0.26 –0.4 0.21

(0.27) (0.30) (0.40) (0.30) (0.26)

VOL –0.13 –0.05 –0.08 –0.04 –0.10

(0.23) (0.28) (0.34) (0.28) (0.24)

DEN 0.12 0.01 0.16 0.21 0.09

(0.22) (0.26) (0.31) (0.25) (0.21)

Tn 0.93 –0.15 –0.26 0.99
(0.16) (0.35) (0.30) (0.01)

Rn –0.93 –0.71 0.99
(0.45) (0.19) (0.01)

Ln 0.87 –0.29

(0.40) (0.29)

Tn/Rn –0.40

(0.26)

Table VI. Relationships among genetic correlations (rG: mean and
standard error) for sampled dimensions and between total and partial
shrinkage.

Correlations rG

Total shrinkage vs. partial shrinkage

T vs. Tn 0.94 (0.06)

R vs. Rn 0.82 (0.16)

L vs. Ln 0.57 (0.23)

T/R vs. Tn/Rn 0.99 (0.00)

VoS vs. VoS n 0.94 (0.07)

Heartwood shrinkage vs. sapwood shrinkage

Thw vs. Tsw 0.87 (0.20)

Rhw vs. Rsw 0.95 (0.26)

Lhw vs. Lsw 0.91 (0.21)

Tnhw vs. Tnsw 0.70 (0.32)

Rnhw vs. Rnsw 0.78 (0.56)

Lnhw vs. Lnsw 0.89 (0.30)

Thw/Rhw vs. Tsw/Rsw 0.99 (0.00)

Tnhw/Rnhw vs. Tnsw/Rnsw 0.71 (0.01)

shrinkage ranged from 4.1% to 4.8%, and radial shrinkage
ranged from 2.1% to 3.0% in an 8-year-old provenance trial of
A. auriculiformis in Malaysia. These values were greater than
the 2.6% for tangential shrinkage and 1.3% for radial shrink-
age observed in trees from a 13-year-old plantation in Thailand
(Chomchran et al., 1986). Similarly, our volumetric shrinkage
also was higher than the value of 8.0% that was found in a
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study by Aggarwal et al. (2002) in 20-year-old A. auriculi-
formis. However, direct comparison is not appropriate because
final moisture content varied from study to study. Wood sam-
ples were taken at different heights or at different distances
from the pith to the bark, and the trees were of different ages
and had grown at different sites.

The coefficient of anisotropy provides important informa-
tion on the dimensional stability of wood. A low ratio reflects
dimensional stability (Skaar, 1988). In the present study, this
ratio was 1.85 and 1.82 for total and partial shrinkage, respec-
tively (Tab. II). These calculated ratios were larger than the
ratio (1.14–1.66) reported for Tectona grandis (Dinwoodie,
2000), E. globulus (Yang, 2003), E. citriodora (Bao et al.,
2001), Quercus robur and Q. rubra (Nepveu, 1984). The
high transverse anisotropy also indicates that juvenile wood
of A. auriculiformis may display instability and high distor-
tion during drying, leading especially to the occurrence of cup
and angular deformation in end products and the opening of
large radial cracks (Brunetti et al., 2001). The large transverse
anisotropy may be due to a combination of factors, including
the restraining effect of ray cells, and differences in cell wall
thickness and lignin content between the radial and tangential
faces of fibres (Skaar, 1988; Zobel and Sprague, 1998).

Little radial variation with respect to longitudinal shrinkage
between the samples from heartwood and sapwood was found
in this study, consistent with a finding in A. mangium (Shams
et al., 2005). The pattern of radial variation of shrinkage is
important, especially in young trees with large proportions of
juvenile wood (Shupe et al., 1995). Modest radial variation in
longitudinal shrinkage is enough to make sawn wood prod-
ucts unstable and cause warping and twisting in after drying
(Johansson, 2002). A comparison made in our study between
heartwood and sapwood (Tab. III) showed that there is no dif-
ference between longitudinal shrinkage in these two types of
wood. The result indicates that there will be only minor prob-
lems with spring and bow in A. auriculiformis. In contrast with
the lack of radial variation in longitudinal shrinkage, there was
a general pattern of increasing transverse shrinkage and coef-
ficient of anisotropy from heartwood to sapwood (Tab. III).
Shrinkage increased with increasing distance from the pith
to bark, corresponding to an increase in basic density from
pith to bark (Tab. III) and reported previously in A. auriculi-
formis (Hai et al., 2008c). The increasing trends of shrink-
age and coefficient of anisotropy from the pith to bark are
in accordance with volumetric shrinkage in A. auriculiformis
(Aggarwal et al., 2002), transverse shrinkage in a review of
Eucalyptus species (Raymond, 2002), and transverse and volu-
metric shrinkage in yellow poplar (Koubaa et al., 1998; Shupe
et al., 1995), Q. petraea and Q. robur (Zhang et al., 1994).

4.2. Clonal repeatabilities and genotypic coefficients
of variation

The moderate to high repeatability estimates of the trans-
verse shrinkage traits in our study (Tab. II) are consistent
with previous estimates available from the literature. In Aca-
cia species, Nor Aini et al. (1997) reported that the broad-

sense heritabilities were 0.38 and 0.44 for tangential and ra-
dial shrinkage of 5-year-old A. crassicarpa in a progeny trial.
Moderate to high heritability estimates for tangential and ra-
dial shrinkage have also been demonstrated in other hardwood
species, such as E. grandis (Bandara, 2006), E. dunnii (Henson
et al., 2004), hybrid poplar (Koubaa et al., 1998) and Caryco-
phyllum spruceanum (Sotelo Montes et al., 2007). The H2

C of
tangential and radial shrinkage increased from 0.11 in heart-
wood to 0.31 in sapwood, thus increasing with age. Low (non-
significant) H2

C estimates of longitudinal shrinkage in heart-
wood and sapwood suggest that there is little or no genetic
control of radial differences. The low repeatability of longi-
tudinal shrinkage is due at least in part to the low values in
longitudinal shrinkage in both heartwood and sapwood, mak-
ing this trait difficult to assess in small wood blocks.

The significant genotypic variation in wood shrinkage traits
(except for longitudinal shrinkage) in our study is also consis-
tent with results from studies in hybrid poplar clones (Koubaa
et al., 1998; Pliura et al., 2005; Sotelo Montes et al., 2007),
families of E. dunnii (Bandara, 2006; Henson et al., 2004) and
E. grandis (Bandara, 2006). In this study, most of the total and
partial shrinkages had higher CVG values than height, diameter
and density. High repeatabilities and CVG indicate that selec-
tion would be effective in improvement of shrinkage traits of
A. auriculiformis clones.

Improvements to reduce shrinkage anisotropy will be-
come more important when the use of drying technology be-
comes more popular and commonly adopted (Walker, 2006) in
Vietnam. Judging from CVG in our study, tangential shrinkage
showed slightly more variation than radial shrinkage, while
partial shrinkage showed relatively more variation than to-
tal shrinkage (Tab. II). A similar result for juvenile wood of
the same species was reported by Aggarwal et al. (2002) and
Chomcharn et al. (1986).

4.3. Genotypic correlations

Several studies have shown that growth rate and some prop-
erties of wood, like the basic density and volumetric shrink-
age, are not strongly correlated at the phenotypic and/or ge-
netic levels in A. auriculiformis (Hai et al., 2008c; Khasa
et al., 1995; Kumar et al., 1987). In other hardwood species,
such as Eucalyptus species, Q. petrea, Q. rubra, Petersianthus
macrocarpa and C. spruceanum, positive correlations between
shrinkage parameters and basic density have been reported
(Chafe, 1994; Nepveu, 1984; Sotelo Montes et al., 2007).

The small sample size in our study (only 40 clones) causes
a large standard error to the genetic correlations and the cor-
relations must therefore be interpreted with caution. Growth
rate had a slightly negative correlation with wood density,
but this was not significant (data not shown). This is consis-
tent with the underlying non-significant negative relationship
between growth rate and wood density in a previous study
of a progeny trial of A. auriculiformis in northern Vietnam
(Hai et al., 2008c). Similarly, growth rate had weak and non-
significant negative correlations with wood shrinkage, except
for the relationships between partial shrinkage and height.
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In our study, denser wood tended to have slightly greater
transverse shrinkage and T/R ratio based on the positive, but
non-significant, phenotypic (data not shown) and genotypic
correlations (Tabs. IV and V) and the comparison between
heartwood and sapwood traits for density and the T/R ratio
(Tab. III). Sotelo Montes et al. (2007) also reported positive
phenotypic and genotypic correlations between density and
the T/R ratio for C. spruceanum. Similar results were obtained
in other hardwood species, such as Terminali superba and Tec-
tona grandis (Hock and Mariaux, 1984). Increasing wood den-
sity in selection and breeding of A. auriculiformis, therefore,
should be carefully considered to avoid unstable wood.

Strong significant correlations between partial and total
shrinkage also suggested that latter would be a good indirect
measure of the former (which is the target trait). This will re-
duce the cost, time and technology required to test shrinkage,
avoiding the need to dry wood under controlled temperature
and humidity conditions. Furthermore, the similar strong cor-
relations between heartwood shrinkages and sapwood shrink-
ages also showed that heartwood (younger) traits are good ge-
netic indicators of the sapwood (older) traits, and that there
will be more gain per unit time with selection at an earlier age
(Zobel and Sprague, 1998).

4.4. Implications for breeding

The relationships reported here were based on juvenile
wood. In Vietnam, a typical rotation of most Acacia species
is about 5–7 y for pulpwood and 7–15 y (depending on loca-
tion) for sawn-timber production, so the sawn timber industry
in Vietnam is largely based on juvenile wood. The size of the
larger trees studied in the Binh Duong clonal trial was quite
close to typical final harvest size, since a DBH of 15 cm can
be accepted for sawn timber by some sawmills. Furthermore,
the piece sizes used in most Vietnamese furniture factories are
less than 1200 mm long, so bow and spring are not major prob-
lems for most processors, since longer sawn boards will be cut
into short sections, reducing or eliminating these defects.

Mean values of the shrinkage properties suggest that im-
provement for the total transverse shrinkage and coefficient of
anisotropy would be more important than for other shrinkages
in A. auriculiformis. Substantial genotypic variation between
clones and moderate to high clonal repeatability estimates for
these traits, moreover, affirmed that considerable genetic im-
provement can be achieved in wood properties important for
sawn-timber production in the population of clones sampled
in this study.

The demand for uniform raw materials is likely to increase
in the future (Walker, 2006). Non-significant correlations be-
tween growth and shrinkage suggest that selection of individu-
als with rapid growth and low shrinkage values in breeding and
deployment programs would be a feasible way to improve the
uniformity of A. auriculiformis wood. Examination of plots
of BLUP (Best Linear Unbiased Prediction) values of volume
and the coefficients of anisotropy for the studied clones (data
not presented) demonstrated the possibility of selecting fast-
growing clones with a low coefficient of anisotropy.

A cheaper and more rapid means of measuring shrinkage is
needed than wood blocks used for this paper. There are some
obvious alternatives. Firstly, near infrared diffuse reflectance
spectroscopy (NIRS) is a highly promising method that could
be adapted for rapid measurements on wood (Baillères et al.,
2002). Secondly, an optical microscope equipped with re-
flected light, a standard objective, a water immersion objec-
tive of same magnification and a digital camera connected to a
computer would be also a good method to study free shrinkage
at the tissue level and radial variation of shrinkage (Perré and
Huber, 2007).

A selection index based on genetic parameters and eco-
nomic weights for e.g. height, diameter, density, shrinkage,
combined with a threshold value for other traits like forking
and stem straightness could also deliver significant benefits
in breeding for improved growth, stem straightness, shrinkage
and wood density. Detailed bio-economic modeling (Ivkovic
et al., 2006) of acacia growing and processing systems in
Vietnam has not yet been undertaken. A. auriculiformis has
sufficiently high basic density for the Vietnamese furniture in-
dustry, so there is no strong requirement to increase density.
The industry successfully uses large volumes of wood from
clones of the A. mangium × A. auriculiformis hybrid, which
has lower density than A. auriculiformis (Kha, 2001). Reduced
shrinkage and anisotropy will increase the recovery of use-
able wood for the furniture industry, so these may be more
important traits than density in breeding and clonal selection
for A. auriculiformis in Vietnam.

5. CONCLUSIONS

We assessed genetic variation in wood transverse shrink-
age and coefficients of anisotropy in fast-growing clones of
A. auriculiformis at 51/2 y. There was greater variation in to-
tal shrinkage than in partial shrinkage dimensions. The total
and partial transverse shrinkage were significantly greater in
the sapwood than in heartwood. These results, together with
the moderate clonal repeatability levels and moderate to high
genotypic variation show that there is potential to improve
and select for lower shrinkage. Genetic correlations indicate
that density and shrinkage would not be adversely affected if
faster-growing clones were selected. The results presented in
this study were based on trees that came from a single clonal
test, so it would be important to test whether site conditions
affect the correlations among traits.
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