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Abstract
& Introduction Wood quality is an important criterion in the
selection of superior genotypes when breeding for solid wood.
& Methods Fourteen clones of Eucalyptus tereticornis Sm.
were assessed for wood quality namely basic density,
acoustic velocity, longitudinal growth strain and volumetric
shrinkage. The effectiveness of the pilodyn in screening
trees according to wood density was also evaluated. The
relationship between the various wood quality variables
was studied across the clones.
& Results A significant variation was observed in the wood
quality between clones, but the variations within clones were
not significant. The pilodyn penetration in the standing tree
exhibited a strong negative correlation (r=−0.74) with basic
density. A moderate but significant positive relationship (r=
0.61) was observed between the acoustic velocity and basic
density. The standing tree’s acoustic velocity was strongly
associated with log velocity (r=0.88). These results suggest
that the standing tree measurements namely pilodyn pene-
tration, acoustic velocity and longitudinal growth strain can
efficiently be used as fast mass screening methods for wood
quality in E. tereticornis.

& Conclusions The absence of any association of longitu-
dinal growth strain with any of the measured wood quality
parameters suggests that superior clones having low growth
strains can be selected for solid wood production without
compromising other important wood properties. Four
clones were identified with superior wood properties
suitable for solid wood products.

Keywords Acoustic velocity . Clone . Eucalyptus . Growth
strain .Wood quality

1 Introduction

Worldwide, Eucalyptus species are being planted for pulp
and paper production. Furthermore, clonal forestry has
improved productivity in terms of increased volume of
wood (Lal 2003). However, clones selected for improved
morphological traits such as fast growth, have been found
to display a significant variation within and between clones
in their intrinsic wood quality traits (Gomide 2009; Rao et
al. 2002; Raymond et al. 2009). As a result, wood
properties relevant to pulpwood production like basic
density, fibre characteristics, vessel characteristics, cellulose
content, lignin and extractive content have been incorpo-
rated in clonal selections to reduce manufacturing costs,
increase pulp yield and obtain better quality paper (Ramirez
et al. 2009; Raymond and Apiolaza 2004). Recently,
interest is increasing in growing Eucalyptus species for
high-value sawlogs, quality sawn timber and engineered
wood products. This has initiated efforts to incorporate
wood quality characteristics relevant for solid wood
products into breeding programmes (Henson et al. 2004;
Pelletier et al. 2008).
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The properties relevant to solid wood products like
structural timber, furniture and flooring are very different
from those required for pulp and paper. The main quality
requirements for solid wood products are stiffness, strength,
stability, aesthetic features and processing ease. In general,
the fundamental wood properties determining these product
properties are basic density, modulus of elasticity, microfi-
bril angle, anisotropic shrinkage, i.e. varying magnitude of
shrinkage in longitudinal, radial and tangential direction,
spiral grain and heartwood content (Raymond 2002;
Raymond and Apiolaza 2004). In many Eucalyptus species,
a high magnitude of longitudinal growth stresses and
excessive volumetric shrinkage are major causes for
concern. High growth stresses result in the end-splitting of
logs, and warping and deformation in boards during sawing
leading to poor recovery of quality sawn timber (Kubler
1987), whereas a high volumetric shrinkage has significant
commercial consequences in terms of stability and recovery
of timber (Greaves et al. 2004; Hai et al. 2009).

Clonal propagation can play an important role in the
production of quality sawn wood from the Eucalyptus
species as clonal testing leads to the more accurate
assessment of genotypes due to the higher heritabilities
(that include additive and non-additive genetic effects).
Higher genetic gains can be achieved when selected clones
are deployed in the field. Many properties for solid wood
products have been reported to have moderate to high
heritability. A wood’s basic density is considered to be one
of the most important wood properties and is reported to be
strongly under genetic control with heritability ranging
from 0.60 to 1 (Raymond 2002; Zobel and Van Buijtenen
1989). The basic density has served as the predominant
wood selection criterion for improvement in many species
due to its high heritability, relationships with other wood
properties such as strength, hardness, fibre coarseness, and
relative ease in measurement. Longitudinal growth stresses
and shrinkage have been reported to have a moderate to
high heritability (Greaves et al. 2004; Henson et al. 2004;
Murphy et al. 2005; Pelletier et al. 2008). Young’s modulus
of elasticity (MoE) is a critical wood property in engineered
structures. This property is more directly linked to the end
product performance as it is a composite function of
microfibril angle and basic density (Evans and Ilic 2001;
Lindström et al. 2002). The heritability of MoE in the
Eucalyptus species is reported to be in the range of 0.3–0.5
(Henson et al. 2004; Santos et al. 2004).

There have been significant efforts on finding quick,
simple and reliable methods (direct or indirect) for assess-
ing wood properties, particularly in selection where a large
number of individuals, families or clones need to be
assessed (Raymond and Apiolaza 2004). The pilodyn has
been used as an indirect way of segregating standing trees
according to wood density classes. Negative correlation

coefficients ranging from −0.55 to −0.90 have been
observed between pilodyn penetration and outer wood
basic density at breast height for various Eucalyptus species
(Cown et al. 1981; Greaves et al. 1996). The measurement
of acoustic velocity is a well-recognised method for ranking
trees or logs according to their stiffness (Dickson et al.
2003; Tsehaye et al. 2000). A quick and reliable determi-
nation of dynamic MoE from the acoustic velocity has
made it possible to use stiffness as one of the wood
properties in the selection for solid wood. The dynamic
modulus of elasticity (DMoE) is derived from the wood
density (ρ) and acoustic velocity (V) measured at the same
moisture content using the following equation (Chauhan
and Walker 2006):

DMoE ¼ rV 2 ð1Þ

The acoustic velocity measured in logs and trees have been
found to have a moderate to strong association with static
MoE in clear wood samples with a correlation coefficient
ranging from 0.45 to 0.90 (Chauhan and Walker 2006;
Dickson et al. 2003; Lindström et al. 2002). Furthermore,
the acoustic velocity has been found to capture, in part,
other wood characteristics like tracheid length, microfibril
angle in the S2 layer and even the chemical composition of
cell walls (Albert et al. 2002; Evans 2000).

The methods of direct measurement of growth stresses in
trees are yet to be established. In practice, peripheral
longitudinal growth strains are measured by releasing the
growth stresses by cutting fibres all around the point of
strain measurement. Generally, growth strains are consid-
ered to be a direct indicator of stresses in a tree as stress is
proportional to the strain within the elastic limits. The
methods of measuring growth strains have been reviewed
by many researchers (Kubler 1987; Yoshida and Okuyama
2002). Unconventional approaches of shrinkage measure-
ments using increment cores, small blocks and whole discs
have provided opportunities to include wood shrinkage as a
selection criterion for dimensional stability in the Eucalyp-
tus species, which is otherwise very time-consuming and
costly (Greaves et al. 2004; Pelletier et al. 2008).

India is the world leader in Eucalyptus plantations with
an area of 3.94 million hectares (Chezhian et al. 2010) and
Eucalyptus tereticornis Sm. is the predominant species due
to its fast growth, wide adaptability to varied climatic
conditions and relatively high resistance to drought (Rao et
al. 2002). Initially, the species was grown to meet the ever
increasing demand for pulpwood and fuelwood. Now, it is
becoming an important timber resource for solid wood
products like furniture (Sharma et al. 2005). This paper
aims to rank 14 clones of 9-year-old E. tereticornis Sm.,
based on the properties relevant to solid wood products. We
report the variability in wood properties particularly in
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basic density, acoustic velocity, dynamic MoE, longitudinal
growth strains and whole disc volumetric shrinkage among
the studied clones. Relationships between the different
wood properties were also examined. The study also
explores the potential of using pilodyn and acoustic
velocity measurements in standing tree to segregate clones
according to basic density and stiffness. Relationships
between the different wood properties assessed on the
standing trees and in wood from the corresponding tree
following felling were analysed in order to develop the
most appropriate selection strategies.

2 Material and methods

Fourteen clones were selected from a vegetative multiplication
orchard in which 25 clones of E. tereticornis were raised from
coppice cuttings by the Institute of Wood Science and
Technology, Bangalore in 1998 at Nagarur (latitude, 13°08′
north; longitude, 77°44′ east), about 35 km north of
Bangalore. The orchard has 25 rows with each individual
row having 25 trees corresponding to a specific clone. Trees
within a row were planted at 1.5-m spacing while the distance
between the rows was 3 m. The trees were 9 years old at the
time of this study. The clones in this study were preselected
based on their good growth and tree form in the orchard.

2.1 Standing tree measurements

Five trees from each clone were randomly selected in the
orchard for standing tree measurements. Over-bark diame-
ter, longitudinal growth strain and pilodyn penetration were
measured at the breast height (1.4 m above ground) in each
of the selected trees.

The longitudinal growth strain in trees was measured
using the wire strain gauge method (Chauhan and Walker
2004; Yoshida and Okuyama 2002). In this method, a
portion of the bark from the vicinity of the measuring point
was removed to expose the wood surface which was
thoroughly cleaned using cotton to wipe away surface
moisture. A 5-mm wire strain gauge of 350-Ω resistance
was glued to the cleaned wood surface using a
cyanoacrylated-based adhesive. Once the strain gauge was
well bonded to the wood surface, it was connected to a
purpose built two-channel strain metre in a quarter-bridge
configuration. Care was taken to measure growth strains in
calm conditions to avoid any significant interference from
wind sway. Wood fibres were cut above and below the
strain gauge using a hand drill machine (6-mm drill
diameter) to relieve the tensile stress in the fibres. The cut
slots were about 15-mm wide and about 20-mm deep (until
a constant longitudinal growth strain is recorded). As the
slots are made, the fibres in the isolated segment of wood

contract longitudinally and expand transversely. A change
in strain in the immediate vicinity of the gauge is indicated
by the strain metre. The configuration of holes and strain
gauge is shown in Fig. 1. The strains in all the trees were
measured on the same side (facing north).

The pilodyn penetration measurement as an indirect
assessment of wood density near breast height is advocated
by Raymond and MacDonald (1998). Therefore, measure-
ments were taken at the breast height on two opposite sides
(north and south) of each tree using a 6-J pilodyn tester. A
small window was created by removing the bark at the
point of measurement and a single pilodyn reading, i.e. the
depth of penetration of the flat-nosed pin into the wood was
obtained on each side. The mean of the two readings was
taken as the pilodyn measurement of a tree.

The acoustic velocity was measured by a device designed
at the Institute of Wood Science and Technology, Bangalore
and fabricated by Spektronics Ltd., Bangalore. Three special-
ly designed probes were inserted into the wood vertically in
line through the bark at an angle of 45° to the trunk surface. A
schematic diagram showing the probe positions and their
direction on a tree trunk is shown in Fig. 2. The lower probe
was an inert starter probe placed at about 20–30 cm above
the ground pointing upwards. This probe was used to induce
a stress wave in the tree trunk. The other two probes were
active receiver probes pointing downwards in the stem. The
distance between the two receiver probes was 1.3 m. The
lower receiver probe was placed at about 30 cm from the
starter probe. The start probe was gently tapped with a light
hammer (about 100 g) to induce a stress wave along the tree.
The arrival time of the stress wave at both receiver probes
was recorded. The acoustic velocity was determined by
dividing the distance between the receiver probes (1.3 m) by
the difference in stress wave arrival times.

2.2 Wood property measurements

Three trees of each clone were felled, and a clear log of
about 3-m length was extracted. Immediately after cutting,

Strain meter 

15mm 

15 mm Slots 

Strain gauge 

Window on the tree

Fig. 1 Schematic presentation of strain measurement in trees
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both ends were coated with black paint to avoid any
moisture loss and transported to the laboratory. These logs
were kept in green condition by continuously spraying
water until all measurements were completed. First, a
25-mm thick disc from both ends of each log was cut and
debarked. These discs were immediately measured for
weight and volume to determine the green density.
Subsequently, the discs were oven-dried at 103°C. The
dried discs were cooled down to room temperature in an
airtight chamber over calcium chloride. The dried and
cooled discs were then measured for weight and volume.
The disc volume was measured by immersion to an
accuracy of 0.1 g. (Archimides’ method). The disc volume
was measured quickly (<10 s) to avoid any water
absorption. The wood’s basic density and volume shrinkage
of the discs were determined from these measurements
according to standard formulae (Walker 2006).

The acoustic velocity was measured in the logs by the
resonance method using the same device used for the
standing trees. The device has capabilities to function in
both transit time and resonance modes. In the resonance
mode, when a log is tapped at one end, the acoustic waves
travel back and forth from end to end within the log
resonating at its fundamental frequency and its overtones
(Chauhan and Walker 2006). The vibrations were captured
using a microphone placed close to the other end. A Fast
Fourier Transformation of the captured signal was per-
formed by the inbuilt software to identify resonance
frequencies of the log. The acoustic velocity (V) is
determined from the frequency of the longitudinal vibration
(fn) and log length (l) using the following relationship
(Bucur 1995):

V ¼ 2lfn
n

ð2Þ

where n is the order of overtones (n=1 for the fundamental
frequency). The fundamental frequency was used to
measure the acoustic velocity. The log dynamic modulus
of elasticity was determined by multiplying the green
density with the square of log velocity using Eq. 1.

2.3 Data analysis

The standing trees data were analysed as a one-way analysis
of variance (ANOVA) according to the following linear model

yij ¼ mþ Ci þ eij ð3Þ

where yij was expressed as a function of the overall mean
(μ), clone i (Ci) and a random residual (eij) effects. It is
assumed that eij follows an independent and identical normal
distribution with variance σe

2. Multiple post hoc compar-
isons were performed using a Duncan’s multiple range test
and significance tests conducted at the 95% confidence level.
A Pearson’s correlation analysis was performed to assess the
strength of associations between various wood quality traits
measured in trees and in corresponding logs. All the analyses
were performed with the statistical software SAS version 9.2
(SAS 2008).

3 Results

3.1 Standing tree measurements

Table 1 summarises the descriptive statistics for the clones
as measured in standing trees. The diameter at breast height
(DBH) was greatest in clones 1, 2 and 6 (DBH>14.5 cm),
whereas clones 7 and 14 had relatively poor growth. A
large variation was observed in the longitudinal growth
strain among clones with clone 14 showing the smallest
growth strain (396 μm/m) and clone 8 exhibiting the
maximum strain (1,284 μm/m). The mean pilodyn penetra-
tion in wood varied from 8.55 to 12.95 mm, whereas the
trees’ acoustic velocity ranged from 3.24 km/s (clone 8) to
3.99 km/s (clone 1). The ANOVA suggested significant
differences between clones in all the measured variables
(Table 2). The proximity of clones for their DBH, growth
strain, pilodyn penetration and acoustic velocity are shown
in Fig. 3. Clones are ranked from highest to the lowest
(from left to right) values for individual variables. Clones
within a cluster or group do not have significant differences
for that specific variable. DBH has only four clusters
indicating less variation in radial growth between clones as
compared to other variables. The longitudinal growth strain
and tree acoustic velocity had six clusters while pilodyn
penetration had eight clusters exhibiting a much higher
variability between the clones.

1.3 m

30 cm

Active receiver probes

Inert start probe 

Fig. 2 Schematic diagram of acoustic velocity measurement in trees
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3.2 Wood property measurements

Variability in green and basic density, log acoustic velocity,
DMoE and whole disc volumetric shrinkage are given in
Table 3. The dynamic modulus of elasticity was determined
from the acoustic velocity measured in the log and the
green density. Acoustic velocity is the average of the three
values (from three logs per clone), whereas the densities
and volumetric shrinkage are the average of six values (two
discs from each log). As expected, green density had a
small variation with the range of 987–1,087 kg/m3. A large
range was observed in other wood properties among the
clones. Basic density ranged from 583 to 736 kg/m3,
acoustic velocity ranged from 3.14 to 4.18 km/s, dynamic
MoE ranged from 10.36 to 17.26 GPa and volumetric
shrinkage ranged from 15.28% to 22.81%. Basic density
and acoustic velocity were the highest in clone 1. The
lowest basic density and acoustic velocity were observed in
clone 10 and clone 8, respectively. Wood from clone 8 also

exhibited the maximum volumetric shrinkage (22.81%).
The lowest volumetric shrinkage was observed in discs
from clone 12.

3.3 Relationship between traits

A Pearson’s correlation analysis was performed to analyse the
relationship between various wood quality parameters
(Table 4). The correlation was carried out with pooled data
across the clones. Over-bark DBH exhibited a moderate
positive relationship with both basic density and acoustic
velocity but had no association with growth strains. The
longitudinal growth strain in trees did not exhibit any
significant association with other measured wood quality
variables except a weak positive association with volumetric
shrinkage (r=0.31, P<0.05). A strong negative correlation
(r=−0.74) was observed between pilodyn measurements on
standing trees and basic density of wood. Pilodyn penetra-
tion also exhibited a significant negative correlation with

Table 1 Average values of the parameters measured in standing trees of the 14 clones (five trees per clone)

Clone no. DBH (cm) Tree acoustic velocity (km/s) Growth strains (μm/m) Pilodyn penetration (mm)

1 15.06 (1.04) 3.99 (0.14) 631 (244) 9.65 (0.4)

2 14.67 (1.10) 3.68 (0.17) 800 (151) 8.55 (1.10)

3 13.05 (0.64) 3.77 (0.07) 842 (108) 9.95 (0.41)

4 14.2 (1.12) 3.56 (0.05) 669 (92) 9.75 (0.95)

5 12.55 (1.59) 3.79 (0.11) 778 (166) 11.00 (1.22)

6 14.65 (1.39) 3.45 (0.12) 1010 (148) 10.00 (1.08)

7 11.85 (1.55) 3.52 (0.04) 746 (236) 9.48 (0.04)

8 12.26 (1.90) 3.24 (0.18) 1284 (340) 12.95 (0.48)

9 12.61 (1.81) 3.62 (0.04) 833 (160) 10.60 (0.89)

10 13.12 (2.11) 3.45 (0.06) 775 (276) 11.50 (0.50)

11 13.47 (1.10) 3.46 (0.10) 1061 (47) 11.10 (0.89)

12 12.74 (1.79) 3.48 (0.09) 677 (89) 10.75 (0.35)

13 12.64 (0.97) 3.47 (0.10) 943 (97) 11.00 (0.82)

14 12.1 (1.08) 3.50 (0.11) 396 (70) 11.00(0.94)

Values in the parentheses is standard deviation

Variable Source df MS F P>F

DBH Between clone 13 5.40 2.63 0.0061

Within clone 56 2.05

Growth strain Between clone 13 227,983 7.10 <0.0001

Within clone 56 32,104

Pilodyn Between clone 13 5.717 10.34 <0.0001

Within clone 56 0.553

Tree acoustic velocity Between clone 13 0.18 15.62 <0.0001

Within clone 56 0.011

Table 2 Analysis of variance of
wood quality variables mea-
sured in standing trees
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acoustic velocity in trees and logs (r=−0.58, P<0.001) and a
weak but significant positive correlation (r=0.35, P<0.05)
with volumetric shrinkage. The acoustic velocity measured
in standing trees was strongly correlated with the velocity

measured in logs (r=0.88) and basic density (r=0.52).
Dynamic MoE exhibited a strong positive association with
acoustic velocities (tree and log) and basic density and
negative association with pilodyn penetration.

C1 C2 C6 C4 C11 C10 C3 C12 C13 C9 C5 C8 C14 C7

(a) DBH 

(b) Growth strains 

C8 C10 C11 C5 C14 C13 C12 C9 C6 C3 C4 C1 C7 C2

(c) Pilodyn penetration 

C1 C5 C3 C2 C9 C4 C7 C14 C12 C13 C11 C10 C6 C8 

(d) Tree acoustic velocity 

C8 C11 C6 C13 C3 C9 C2 C5 C10 C7 C12 C4 C1 C14

Fig. 3 Proximity of the clones
(C1–C14) for various variables
using Duncan’s test (a), DBH
(b), growth strains (c), pilodyn
penetration (d), tree acoustic
velocity. The clones are
arranged in order of highest to
the lowest values for each vari-
able. Each cluster is presented
by two arrow marks joined by
a horizontal line. Clones within
a cluster are not significantly
different

Table 3 Average values of wood properties in the clones

Clone No Green density (kg/m3) Basic density (kg/m3) Log acoustic velocity (km/s) DMoE (GPa) Volumetric shrinkage (%)

1 987 (37) 736 (30) 4.18 (0.05) 17.26 (0.8) 16.87 (0.69)

2 1,087 (14) 708 (02) 3.73 (0.10) 15.10 (0.6) 17.68 (0.16)

3 1,030 (17) 640 (08) 3.84 (0.04) 15.19 (0.1) 19.39 (0.92)

4 1,039 (42) 645 (07) 3.73 (0.06) 14 49 (0.7) 17.32 (0.40)

5 1,000 (72) 658 (08) 3.94 (0.21) 15.43 (0.6) 18.77 (0.37)

6 1,049 (24) 611 (03) 3.57 (0.04) 13.35 (0.2) 16.03 (1.20)

7 1,033 (50) 675 (12) 3.78 (0.11) 14.76 (0.1) 16.09 (0.04)

8 1,051 (34) 609 (16) 3.14 (0.01) 10.36 (0.3) 22.81 (1.02)

9 1,067(49) 592 (08) 3.65 (0.02) 14.25 (0.5) 19.87 (0.29)

10 1,020 (08) 583 (14) 3.51 (0.03) 12.56 (0.3) 17.24 (1.80)

11 1,062 (23) 641 (22) 3.56 (0.09) 13.44 (0.5) 17.94 (1.12)

12 1,022 (54) 637 (10) 3.37 (0.07) 11.56 (0.5) 15.28 (1.47)

13 1,044 (33) 629 (18) 3.30 (0.14) 11.39 (0.7) 16.38 (1.06)

14 1,038 (29) 629 (10) 3.41 (0.10) 12.13 (1.0) 18.02 (2.35)

Values in the parentheses is standard deviation
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4 Discussion

4.1 Clonal variability in wood properties

There are significant differences in longitudinal growth
strains, wood density, acoustic velocity and volumetric
shrinkage among the studied clones of E. tereticornis
(Tables 1 and 3). A low standard deviation for each wood
property within a clone suggests uniformity in the wood
properties within a clone.

Longitudinal growth strain is one of the most important
wood quality criteria for the Eucalyptus species as it can
substantially reduce the recovery of usable timber. A nearly
three folds variation (396 to 1284 μm/m) was observed
among the clones. Such large variations have been reported
in growth strains among families and provenances of
various Eucalyptus species (Murphy et al. 2005; Raymond
et al. 2004). The observed variability signifies the need for
a careful selection of clones for solid wood products as
growth strain in excess of 700 μm/m is known to cause
serious end-splitting and processing defects (Kubler 1987).
Four clones (1, 4, 12 and 14) were found to have mean
growth strains below this threshold and are the potential
clones for solid wood production.

E. tereticornis wood is known to have a high basic
density and high volumetric shrinkage. Sharma et al. (2005)
have reported a mean basic density and volumetric
shrinkage of 710 kg/m3 and 16.9%, respectively in wood
from 10–12 years old (data from five trees), that are
comparable to the values observed in this study. Rao et al.
(2002) observed lower basic densities in the range of 540 to
598 kg/m3 in four much younger 4.5-year-old clones. Since
basic density is strongly associated with strength and
hardness, a wide range in basic densities observed in clones
(583 to 736 kg/m3) suggests future selection based on
variability in these properties between the clones.

Very consistent values of volumetric shrinkage within a
clone (low standard deviation) indicate the reliability of this
form of shrinkage measurements in discs. The variability in
shrinkage among clones (15.28% to 22.81%) would result
in variability in stability and shape retention of sawn
timber. Dried discs were found to exhibit varying degrees

of splitting and cracking which can be attributed to the
anisotropic shrinkage and collapse in wood (Kang and Lee
2004). The size of a split could provide an indirect method
of assessing drying deformations in sawn timber. However,
this needs quantitative investigations.

A significant variation in trees and log acoustic velocity
among clones implies large differences in their wood
stiffness. The top ranked clone for velocity (clone 1) had
a log acoustic velocity 33% higher than the bottom ranked
clone (clone 8). A 33% difference in the acoustic velocity
between the lowest and the highest velocity clones
corresponds to about 66% difference in their respective
wood stiffness (17.26 vs 10.36 GPa). Although three clones
exhibited a dynamic modulus of elasticity of less than
12 GPa, the selection for this property appears to be less of
a concern as the wood stiffness required for structural
applications is reported to be 7.9 GPa (Sharma et al. 2005).
However, an early selection for high stiffness may help in
lowering the radial gradient in wood properties which is a
major cause of dimensional distortion in juvenile wood (Xu
and Walker 2004).

4.2 Interrelationships in wood properties

Analysing relationships between different wood properties
is of significant importance in understanding the possible
trade-offs in selecting clones for a specific wood quality
trait. The absence of any relationship between DBH and
longitudinal growth strain suggests that the tree growth rate
does not influence growth strain. Both the acoustic velocity
and the basic density also did not exhibit any significant
relationship with the growth strain (Fig. 4). Acoustic
velocity is reported to be a surrogate measure of microfibril
angle in wood where faster acoustic speed is characterized
by low microfibril angle in the wood cell walls (Apiolaza
2009; Chauhan and Walker 2006). Similarly, high growth
stresses in wood is linked to extremely low microfibril
angle in wood (Okuyama et al. 1994). In such case, a very
high acoustic velocity in wood can be anticipated in trees
with high longitudinal growth strains. However, the lack of
any significant relationship observed between acoustic
velocity and growth strains in the study nullifies the

Variables Strain Pilodyn TAV BD LAV DMoE VS

DBH 0.00 −0.47** 0.25 0.40** 0.37* 0.43* −0.06
Strain 0.28 −0.30 −0.13 −0.30 −0.30 0.31*

Pilodyn −0.58*** −0.74*** −0.58 *** −0.63*** 0.35 *

TAV 0.52*** 0.88*** 0.84*** −0.28
BD 0.61*** 0.64*** −0.20
LAV 0.97*** −0.08
DMoE −0.03

Table 4 Correlation between
wood quality variables (n=42)

TAV tree acoustic velocity, BD
basic density, LAV log acoustic
velocity, VS volumetric
shrinkage

*P<0.05; **P<0.01; ***P<
0.001
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anticipated hypothesis. The absence of any association
between the two variables has previously been reported in
Eucalyptus nitens (Chauhan et al. 2007) and for Eucalyptus
globulus by Yang and Ilic (2003).

There have been contradictory reports on the relationship
of growth strains in trees/logs with basic density and MoE
of wood among Eucalyptus species. A positive relationship
of growth strain with basic density was reported in normal
vertical stems of 27-year-old Eucalyptus grandis (Malan
and Gerischer 1987), 36-year-old Eucalyptus regnans
(Chafe 1990) and 10-year-old E. globulus (Yang and Ilic
2003), but the relationship was absent in the 8-year-old E.
nitens (Chafe 1990), 10-year-old Eucalyptus cloeziana
(Muneri et al. 1999) and 4-year-old Eucalyptus pilularis
(Muneri and Leggate 2000). Although Clair et al. (2003)
observed a modest positive association between growth
strain and modulus of elasticity in the normal wood of
chestnut (Castanea sativa Mill.), such an association is
absent in the vertical stems of many Eucalyptus species
(Chafe 1990; Yang and Ilic 2003). The relationship between
the longitudinal growth strain and volumetric shrinkage
was statistically significant (P<0.05), but the association
does not appear to be strong. The occurrence of tension
wood in sample trees could influence the relationship
between the growth strain and volumetric shrinkage as
tension wood is known to have high longitudinal growth
strains and excessive volumetric shrinkage. Aweak positive
relationship of volumetric shrinkage with growth strain has
been reported by Nicholson et al. (1975, 1972). A
significant positive relationship of the mean tree growth
strains with volumetric shrinkage of the outer wood was
reported in wood from 9-year-old E. nitens trees (Chauhan
and Walker 2004). Clair et al. (2003) found a significant
positive correlation between growth stress and tangential

shrinkage in normal wood, but this was with only two trees
of chestnut. Most relationships between longitudinal
growth strains and other wood quality variables observed
in this study and reported elsewhere appear to be specific to
species, site and the sampling methodology. Inconsistent
relationships of growth strain and basic density and MoE
emphasise the need for caution in generalizing such an
association across species.

Pilodyn measurements in standing trees in this study had
a strong negative correlation with basic density (Fig. 5).
The observed association between the two variables
indicates the potential utility of pilodyn for screening E.
tereticornis clones for wood basic density. The feasibility of
using pilodyn measurements at breast height for an indirect
assessment of basic density has already been demonstrated
on E. globulus and E. nitens (Greaves et al. 1996; Raymond
and MacDonald 1998). Cown et al. (1981) suggested using
the pilodyn for the purpose of ranking or grouping
genotypes according to density classes. A very high
repeatability of pilodyn penetration in Eucalyptus species
makes it an efficient tool for high intensity selection in
screening or ranking clones according to basic density,
although its accuracy depends on the pin diameter and tree
age (Greaves et al. 1996). A significant relationship of
pilodyn with acoustic velocity and dynamic MoE could
partly be due to a significant positive relationship of basic
density with acoustic velocity.

The standing tree velocity measured by transit time
method was strongly related (r=0.88) to the velocity
measured in logs (Table 4). Acoustic velocities by transit
time method are known to be sensitive to the local stiffness
of the outer wood, whereas velocities by resonance method
reflect the volume weighted average stiffness. Absolute
differences in the two measurements have been reported
(Chauhan and Walker 2006). Dynamic MoEs derived from
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the resonance method have been found to exhibit very high
correlations (r=0.98) with static MoE (Lindström et al.
2002). The strong association between the two velocities
implies that, in situ, a single velocity measurement on a
young tree of the species would suffice for the selection for
wood stiffness. Acoustic velocity was found to have a
strong positive relationship with basic density (Fig.6). The
results obtained here are in conformity with reports on other
Eucalyptus species. Dickson et al. (2003) reported a strong
positive association between acoustic velocity measured in
logs using the Fakopp tool and basic density in Eucalyptus
dunnii. They also found a significant positive association of
clear wood MoE with the basic density. The strong
correlations between basic density with clear wood MoE
have been reported for E. globulus and E. nitens (McKimm
et al. 1988; Yang 1997; Chauhan and Walker 2004). Since
the green density was more or less uniform across the
clones, nearly 97% variation in MoE is explained by the
acoustic velocity measured in logs.

The relationships between traits have significant impli-
cations in the selection and breeding programmes. A
change in one trait is likely to have an effect on the other
traits. The absence of any significant relationship of
longitudinal growth strains and volumetric shrinkage with
either wood basic density or MoE suggests that the clones
with low strain can be selected without compromising the
wood’s basic density and MoE, two other important wood
properties for solid wood products.

4.3 Segregation of clones

The large variation in wood properties observed in this
study among clones emphasises the potential of selection of
clones for solid wood production. Clone 8 was found to
have the lowest acoustic velocity (3.14 km/s) and the

highest volumetric shrinkage (22.81%) with a low basic
density (609 kg/m3). The same clone also had the highest
level of growth strains (1,284 μm/m) which is large enough
to cause serious growth stress-related defects during
processing, and a relatively poor radial growth (DBH,
12.26 cm). High volumetric shrinkage and low basic
density implies that the wood is prone to develop large
deformation and collapse during drying. Therefore, this
clone would not be suitable for solid wood production.
Among the low growth strain clones (clones 1, 4, 12 and
14), clone 1 has the highest basic density (736 kg/m3) as
well as the highest acoustic velocity (4.18 km/s,
corresponding to an MoE of 17.26 GPa). This clone also
exhibited a moderate level of volumetric shrinkage
(16.87%) compared to other clones. This clone appears to
have wood properties suitable for heavy structural applica-
tions where dense and stiffer timber is desirable.

For many solid wood products like furniture and light
structural applications, a high wood density is not always
desirable. Clones 4, 12 and 14 with moderate basic density,
acoustic velocity and volumetric shrinkage appear to be
potential clones for solid wood production. However,
among these three clones, clone 12 and 14 had compara-
tively low radial growth and therefore could yield less
wood volume meaning only clone 4 would be a suitable
clone for solid wood production. This selection of clones
for a specific end use is primarily based on individual
property and overall correlations between traits. In breed-
ing, genetic correlations are used to predict the influence of
selection based on one trait on other correlated traits in the
next generation and selection index are developed for an
efficient selection (Gapare et al. 2009). Therefore, further
elaborate studies are required to estimate the genetic
correlations between longitudinal growth strains and other
wood traits of economic importance to develop selection
index for E. tereticornis.

5 Conclusions

Significant differences in wood quality among clones
provide an opportunity to select superior clones for solid
wood production that combine superior growth with
desirable wood traits which can be used in further
breeding programmes. The selection of clones with low
growth strain and volumetric shrinkage could be an
important step in quickly improving the quality of solid
wood from plantations without compromising wood
density and stiffness. Growth strain measurement along
with pilodyn and acoustic velocity measurement on
standing trees provide a quick and reliable approach for
segregating clones of E. tereticornis with properties
relevant to solid wood products.
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