
Improving dimensional  
stability in plantation-grown 
Eucalyptus pilularis  
and E. dunnii

This report can also be viewed on the FWPA website 

www.fwpa.com.au
FWPA, PO Box 69, World Trade Centre,  

Melbourne VIC 8005, Australia
T +61 (0)3 9614 7544   F +61 (0)3 9614 6822    

E info@fwpa.com.au   W www.fwpa.com.au

RESOURCE CHARACTERISATION 
& IMPROVEMENT
Project number: Pn06.3017 FebruArY 2008

http://www.fwpa.com.au
mailto:info@fwpa.com.au
http://www.fwpa.com.au


 

 

 

 

 

Improving dimensional stability 

in plantation-grown  

Eucalyptus pilularis and E. dunnii 

 

 

 

 

 

 

 

 

 

Prepared for 
 

Forest and Wood Products Australia 
 
 
 

by 
 

C.A. Raymond 
 M. Henson  

M.-C. Pelletier 
S. Boyton 

B. Joe 
D. Thomas 
H. Smith 

J. Vanclay 
 
 
 
 
 
 
 
 
 
 

 
 



Forest and Wood Products Australia Limited 
PO Box 69, World Trade Centre, Victoria 8005 
T +61 3 9614 7544  F +61 3 9614 6822  
E info@fwpa.com.au   
W www.fwpa.com.au  

 

 

 
 
 
 

 
Publication:  Improving dimensional stability in  

plantation-grown Eucalyptus pilularis and E. dunnii 
 

 
Project No: PN06.3017 

 
 
© 2008 Forest and Wood Products Australia Limited. All rights reserved. 
 
Forest and Wood Products Australia Limited (FWPA) makes no warranties or assurances 
with respect to this publication including merchantability, fitness for purpose or otherwise. 
FWPA and all persons associated with it exclude all liability (including liability for negligence) 
in relation to any opinion, advice or information contained in this publication or for any 
consequences arising from the use of such opinion, advice or information. 
 
This work is copyright and protected under the Copyright Act 1968 (Cth). All material except 
the FWPA logo may be reproduced in whole or in part, provided that it is not sold or used for 
commercial benefit and its source (Forest and Wood Products Australia Limited) is 
acknowledged. Reproduction or copying for other purposes, which is strictly reserved only for 
the owner or licensee of copyright under the Copyright Act, is prohibited without the prior 
written consent of Forest and Wood Products Australia Limited. 

 
 
ISBN: 978-1-920883-22-5 

 
 

Researchers: 

C.A. Raymond, M.-C. Pelletier, J. Vanclay 
Southern Cross University 
PO Box 157, Lismore NSW 2480 

 

M. Henson, S. Boyton, D. Thomas, H. Smith 
Forests NSW 
PO Box J19, Coffs Harbour Jetty NSW 2450 
 
B. Joe 
Forests NSW 

PO Box 100, Beecroft NSW 2119 
 

 

 
Final report received by FWPA in October 2007 

 

mailto:info@fwpa.com.au
http://www.fwpa.com.au


 

i 

Executive summary 
 

Objectives 
Progeny trials of Eucalyptus pilularis and E. dunnii were sampled for a range of wood 

properties to determine: 

1. Comparison of non-destructive and destructive assessment techniques 

2. Understanding of the role of wood chemistry in, and genetic control of, wood 

behaviour, quality, drying and sawn wood characteristics; 

3. Development of a toolkit for wood quality examination 

Results will assist with understanding the nature of sawn wood properties in the 

emerging E.dunnii and E. pilularis plantation estate and will guide tree breeding 

efforts for these species. 
 

Key Results 

1. Comparison of non-destructive and destructive assessment techniques  

for E. pilularis 

• Traits measured on the outside of the tree (Pilodyn penetration, standing tree 

acoustic MOE and outer wood density) were highly heritable (h
2
 of 0.62, 0.64 

and 0.57 respectively).  In contrast, traits measured across the whole stem 

including log acoustic MOE and core basic density had much lower 

heritabilities (h
2
 of 0.18 and 0.40 respectively) indicating the wood in the 

centre of the stem differed to that on the outside.  

• Bark-to-bark cores taken at breast height were poor predictors of whole disc 

basic density, accounting for only around 20% of the variation in family mean 

or individual tree data.  Similarly, standing tree MOE was a poor predictor for 

log MOE, accounting for 30% of the variability in family means. 

• Basic density was a poor predictor of wood stiffness accounting for a 

maximum of 17% of the variation in log MOE. 

• The data was divided into 5 geographic regions (Queensland, NE NSW, Upper 

Mid North Coast, Lower Mid North Coast and Central Coast of NSW) plus a 

separate group for seedlots from plantation origins.  Seedlots from Queensland 

were smaller for tree diameter and height but trees from the other regions were 

of similar size. 

• No regional differences were found for basic density, wood stiffness, total 

tangential shrinkage to 12% MC or T:R total shrinkage ratio.  However, there 

were significant regional differences for total radial shrinkage to 12% MC 

with total radial shrinkage being higher for the most northern seedlots from 

Queensland and north east NSW.  

• Total shrinkage showed consistent differences between sides of the tree with 

total tangential shrinkage being greater on the north side of the stem and total 

radial shrinkage greater on the south side.  Heritability of total shrinkage 

followed the same pattern with heritability of tangential being higher on the 

southern side (h
2
 of 0.20 and 0.40 for blocks and cores respectively at 12% 

MC) versus h
2
 of 0.03 and 0.27 for the northern side of the stem.  For total 

radial shrinkage the heritability for blocks at 12% MC was 0.41 on the 

northern side and 0 on the southern side. 

• Core tangential total shrinkage (to 12% MC) explained 45% of the variability 

in block tangential total shrinkage to the same MC.  Similarly, core radial total 
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shrinkage explained 48% of block radial total shrinkage to 12% MC indicating 

potential for using cores for ranking families in tree breeding programs. 

• Maximum collapse was not heritable but collapse grade had a moderate 

heritability of 0.55.  Collapse was not correlated with basic density or tree 

diameter but appeared to be correlated with total shrinkage data.  Plotting of 

family means for tangential and radial total shrinkage against maximum collapse 

indicated a geographic trend with seedlots from the northern end of the 

distribution in Queensland having the highest levels of both total shrinkage and 

collapse and the southern most seedlots (Central Coast) having the lowest levels. 

• Spiral angle and interlocking grain angle were not heritable.  Family mean 

interlocking grain angle could explain 48% of the variation in family mean 

tangential total shrinkage to 12% MC.  A similar relationship for radial total 

shrinkage was found to be due to higher levels of shrinkage in the northern 

most seedlots from Queensland and north east NSW. 
 

2. Role of wood chemistry and genetic control of wood behaviour  

Eucalyptus pilularis 

• Two sets of NIR calibration models were developed for a range of chemical 

traits: the first set contained only E. pilularis data and the second set contained 

both E. dunnii and E. pilularis data to provide a wider range of variation in the 

data set.  The second set provided good calibration statistics for most traits 

except hemicellulose. 

• Traits that were well predicted by the calibrations also showed moderate to 

high heritabilities:  Cellulose h
2
 = 0.51, lignin h

2
 = 0.70, xylose h

2
 = 0.74, 

galactose h
2 
= 0.61 and glucose h

2
 = 0.71.  Heritabilities for the less well 

predicted traits of hemicellulose, arabinose, and mannose were much lower. 

• Regional differences were found for cellulose, lignin and xylose contents with 

the Queensland seedlots having lower cellulose content and north east NSW 

seedlots having lower lignin and higher xylose contents. 

• No correlations were found between any of the chemical traits and total 

shrinkage, collapse or basic density.  The strongest correlations (around 0.4) 

were for acoustic MOE with cellulose and glucose. 

 

 Eucalyptus dunnii 

• Arabinose, galactose and xylose had high heritabilities (>0.85) but no 

calibration statistics 

• Glucose had the best calibration statistics but low heritability 

• Heritability for cellulose was similar to E. pilularis 

• Heritability for lignin was half the value for E. pilularis 

• Lignin and cellulose were related to basic density 
 

3. Toolkit for wood quality  

• Suggested assessments are: 

o Density with pilodyn or 5 mm outer wood core 

o Tangential shrinkage on 12 mm cores using improved protocol 

o NIR predicted chemistry and pulp yield well 

• It would be advantageous to attempt to calibrate the NIR spectra directly with 

these traits.  This would not be expensive and would round off the study.   
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1.  Introduction 
 

Australia’s subtropical hardwood industry based in Queensland and northern NSW is in 
transition from native forest to plantation resources.  In 2005 the areas of hardwood 
plantations in Queensland and NSW were 37,496 ha and 55,196 ha respectively (National 
Forest Inventory, 2007).  Over the past few years there has been a rapid expansion in the 
areas planted to E. dunnii with 11,582 ha in Queensland and 6,608 ha in NSW established 
between 2001 and 2005 (Parson et al., 2006).  E. pilularis (blackbutt) forms around 24% of 
the hardwood plantation estate in north east NSW, covering around 12,100 ha with 1,790 ha 
planted between 2001 and 2005 (Parson et al., 2006).  Combined with spotted gum these 
two species will form the majority of future plantation wood supply for this region. 
 
Information is required about the physical and chemical wood properties of this future 
plantation hardwood sawlog resource to better plan for this transition. In addition, Forests 
NSW and other forest growers have a desire to create and raise better E. pilularis and 
E. dunnii germplasm, to provide better sawn wood resources for the future. The imminent 
harvesting of an E. pilularis progeny trial provided a unique opportunity to examine sawn 
wood properties of this material, to examine the heritability of various traits, and to identify 
superior germplasm for future propagation efforts.  
 
Eucalyptus pilularis occurs naturally along coastal NSW and into south east Queensland 
and is the principal hardwood species for sawn timber production in north coastal NSW 
(Henson and Smith, 2007).  It is a high quality timber which is used for poles, sleepers, 
flooring and furniture.  Establishment of plantations of E. pilularis began in 1939 and it is 
currently the preferred plantation species for Forests NSW.  Tree breeding for this species 
commenced in NSW in 1964 with the establishment of 11 provenance trials.  With the 
expansion of areas being planted, a pedigreed breeding program commenced in the mid 
1990s with the aim of improving solid wood production and quality.  Details of the current 
breeding strategy and program are available in Henson and Smith (2007). 
 
Eucalyptus dunnii has a limited natural distribution, occurring in two disjunct populations 
in north eastern NSW and south eastern Queensland (Smith and Henson, 2007).  As 
E. dunnii combines good growth with better tolerance to frost and drier conditions it is 
viewed as an alternative species for sites not suitable for the more preferred species, such as 
E. pilularis.  E. dunnii is internationally regarded as a good species for pulp and paper 
making.  Timber from native forest has not traditionally been considered highly as a 
sawlog.  The species is perceived as having some problems for sawn timber production, 
including issues with end splitting and high differential shrinkage during drying (Smith and 
Henson, 2007; Thomas et al., 2007). 
 

Despite the reputation E. pilularis as a sawn timber species, it does appear to suffer from 
drying problems.  When describing seasoning issues with E. pilularis timber from native 
forests,   Boas (1947) highlighted that collapse can be an issue, stating: 
“Slight to moderate collapse occurs in timber from mature trees, and reconditioning is 

worthwhile, but it has been known to cause checking, or extend existing checks.  

Pronounced collapse, which is difficult to remove by reconditioning, has been observed in 

timber from immature trees.” 

Bootle (1971, 1983) also comments on the issue of collapse in timber from immature trees 
but suggests reconditioning is not often performed owing to the accentuation of the surface 
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checks.  E. pilularis plantation grown timber in South Africa was noted as often suffering 
from collapse that resulted in honey combing and wood corrugations (de Villiers, 1973). 
 
E. dunnii has the reputation of being a poor sawlog mainly due to problems during drying. 
Harwood et al. (2005) noted that cupping was a major down grade in boards cut from 9 
year old E. dunnii.  In older samples of plantation grown E. dunnii (25 years) significant 
collapse and honey combing has been recorded (Joe, pers comm).   
 
Plantation wood differs from native forest wood.  Some evidence would suggest that in 
general shrinkage is greater and basic density is lower.  Shrinkage normally occurs in 
wood when its moisture content falls below fibre saturation point, usually in the range of 
25% to 30% moisture content.  This is at the point which the cell lumen is free of water, but 
the cell wall remains saturated.  As drying continues, the wood will shrink until it reaches 
equilibrium moisture content (EMC), where the moisture content has stabilised with 
ambient condition.  Being an anisotropic material, shrinkage varies in the three different 
directions: tangential > radial >> longitudinal. Shrinkage also varies with species and in 
general with all things being equal, the higher the density, the greater will be the shrinkage. 
 
In addition to shrinkage is a phenomenon called collapse - common in many Australian 
species (Greenhill, 1936).  It is an abnormal shrinkage, which occurs above fibre saturation 
point during the removal of free water from the cell lumens, and is manifested by the 
buckling of the cell walls and flattening of the lumens.  In collapse-prone species, total 

shrinkage is inflated as it includes a component of collapse.  However, collapsed wood may 
in most cases be restored by a suitable high temperature reconditioning treatment, which 
enables the collapsed cell wall to return to their original shape, thus reducing total shrinkage. 
 
Shrinkage is usually expressed as a percentage of the green dimensions and most published 
figures are given from green to 12% moisture content (which is assumed to be an average 
EMC).  In some publications (eg., Kingston and Risdon, 1961), the shrinkage figures are 
given both before and after reconditioning.  The figures quoted before reconditioning can 
be regarded as total shrinkage, which includes a component of collapse, whereas, the 
figures quoted after reconditioning can be regarded as true shrinkage.  Kingston and Risdon 
(1961) provides a method for shrinkage measurements, which has become the standard test 
method in Australia for many years. 
 
The majority of shrinkage data quoted for E. pilularis and E. dunnii in the published literature 
(Table 1) are values based on samples that have not been reconditioned (Bootle, 1971, 1983; 
Boas, 1947; Vuuren et al. 1978; Poyton 1979; Navarro de Andrade 1941).  Shrinkage values 
also differ with age of the trees, with the shrinkage values for immature native forest 
E. pilularis being higher both before and after reconditioning (Kingston and Risdon 1961, 
Table 1).  For E. dunnii, Thomas et al. (2007) has shown that with time plantation wood 
properties tend to converge with those reported for native forest (Bootle, 2005).   
 
Unpublished data from Forests NSW (Table 2) taken from plantation grown timber of 
E. dunnii and E. pilularis suggests that total shrinkage before reconditioning is strongly 
correlated with shrinkage after reconditions.  Therefore it is not unreasonable to assume 
that a tree with low total shrinkage would also be expected to have relative low shrinkage 
after reconditioning.   The current study also used harsh drying conditions for the collapse 
samples for the same reasoning i.e. to maximise variation.  This is in line with methods 
used in similar genetics studies (Arnold et al. 2004 and Kube and Raymond, 2005).   
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Table 1  Reported shrinkage to 12% MC for plantation grown E. pilularis and 

E. dunnii 
 

Species Source Age 
Total / 
Recon 

Tang 
(%) 

Radial 
(%) 

T:R Source 

E. pilularis Native Mature Total 7 4 1.75 Bootle, 1983 
 Native Mature Total 6.3 - 10 3.1 – 6.9  Bootle, 1971 
 Native Mature Total 7 4 1.33 Boas, 1947 
 Native Immature Total 9.7 7.3 1.33 Kingston & Risdon, 1961 
 Native Immature Recon 6.4 4.7 1.36 Kingston & Risdon, 1961 
 Native Mature Total 7.3 5.8 1.26 Kingston & Risdon, 1961 
 Native Mature Recon 4.3 3.5 1.23 Kingston & Risdon, 1961 
 Plantation Not Stated Not Stated 10.3# 4.8# 2.15 Navarro de Andrade, 1941 
 Plantation Not Stated Not Stated  6-7@  Poyton, 1979 
 Plantation Mature Not Stated 7.8@ 6.7@ 1.16 Vuuren et al. 1978 
 Plantation 4 years Recon 6.99$ 2.33$ 3.00 Muneri & Leggate, 2000 
 Plantation 9 years Recon 4.8 2.3 2.08 McGavin et al. 2006 
 Plantation 29 years Total 10.8 4.2 2.55 Forests NSW unpublished 
 Plantation 29 years Recon 8.0 3.4 2.37 Forests NSW unpublished 
 Plantation 41 years Total 10.5 6.6 1.60 Forests NSW unpublished 
 Plantation 41 years Recon 7.6 4.9 1.55 Forests NSW unpublished 

E. dunnii Native Mature Total 10 5 2.00 Bootle, 1983 
 Native Mature Total 5.4 2.6 2.08 Kingston & Risdon, 1961 
 Native Mature Recon 2.6 2.0 1.30 Kingston & Risdon, 1961 
 Plantation 6 years Total 10.2 3.2 3.18 Forests NSW unpublished 
 Plantation 6 years Recon 6.2 2.2 2.79 Forests NSW unpublished 
 Plantation 9 years Total 11.7^ 3.1^ 3.77 Henson et al., 2004 
 Plantation 20 Years Not Stated 10.2# 6.2# 1.65 Calori & Kikuti, 1997 
 Plantation 29 years Total 12.5 3.9 3.19 Forests NSW unpublished 
 Plantation 29 years Recon 8.4 3.2 2.59 Forests NSW unpublished 

# From green to 15% MC  
@ From green to 10% MC 
$ Assessments on boards 
^ Assessments done using air dried small sample boards 
 
 
 
Table 2  Unpublished data from Forests NSW for mean tangential and radial 

shrinkage before reconditioning (BR), shrinkage after reconditioning (AR) 

and the relationship between the two traits (R
2
) for a range of ages.  sd = 

standard deviation, CV% = coefficient of variation and n = number of 

samples included. 

 
 Tangential Radial 

Species 
A
g
e 

Source n  mean sd cv% R2 mean sd cv% R2 

BR 10.8 1.0 9% 4.2 1.2 28% 2
9 

Chichester 6 
AR 8.0 0.6 7% 

0.780 
3.4 0.9 28% 

0.954 

BR 10.5 4.5 43% 6.6 2.2 34% 
E. pilularis 

4
1 

Wedding 
Bells 

20 
AR 7.6 1.8 23% 

0.864 
4.9 1.0 20% 

0.519 

BR 10.2 1.5 15% 3.2 1.4 42% 
6 Moonmerri 10 

AR 6.2 0.8 12% 
0.488 

2.2 0.6 26% 
0.926 

BR 12.5 1.5 12% 3.9 0.6 15% 
E. dunnii 

2
9 

Chichester 6 
AR 8.4 1.1 13% 

0.001 
3.2 0.8 24% 

0.903 

 
 
Wood properties of 9 year old thinnings of E. pilularis, growing in a plantation just north of 
Coffs Harbour, were evaluated by McGavin et al. (2006).  Owing to the quality of the 
resource, this plantation was thinned from above and the results may not reflect a true 
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commercial thinning where the thinning would be from below.  The physical and 
mechanical properties of 10 trees, sampled as part of the thinning, were found to make this 
wood source a viable alternative for a range of round wood and sawn products.  Average 
basic density of the sample trees was 582 kg/m3 with a relatively steep gradient from pith to 
bark.  Heartwood proportion was 63% and average radial and tangential shrinkage values 
were 2.3% and 4.8%.   
 
Solid wood properties of E. dunnii have been studied by Calori and Kikuti (1997), Dickson 
et al. (2003), Swain and Gardner (2003), Henson et al. (2004), Joe et al. (2004), Murphy et 

al. (2005),  Thinly et al. (2005) and Harwood et al. (2005).  Thomas et al. (2007) presents a 
good summary of results to date.   
 
Historically growth stress has been the main focus of research into eucalypt wood 
properties for sawn and veneer products.  This focus has distracted from potentially more 
important issues relating to performance during and after sawing and seasoning, such as 
dimensional stability.  This study investigates the variation and degree of genetic control 
for shrinkage and collapse and whether there is a relationship between these traits and wood 
chemistry. 
 
The current project aimed to expand the range of wood properties being assessed, 
determine inter-relationships and variability within each species and the strength of genetic 
control.  This project was based on methods developed for temperate eucalypts (Downes et 

al., 1997) or industry standard test methods, for example block shrinkage using the method 
of Kingston and Risdon (1961).  The novelty of this project was that a wide range of these 
methods were used to examine the nature of the emerging E .dunnii and E. pilularis 
resources.  In addition, a wide range of genetic material was tested in the same way to 
provide information and a better understanding of the nature of sawn-wood properties of 
this emerging plantation estate and to provide guidance for tree breeding efforts to supply 
improved timber in the future. 
 
 

1.1  Objectives 

 
 The project had three main objectives: 

1. Assessment and comparison of non-destructive and destructive assessment 
techniques, and their correlation with mill and drying performance; 

2. Understanding of the role of wood chemistry in, and genetic control of, wood 
behaviour, quality, drying and sawn-wood characteristics; 

3. Development of a toolkit for wood quality examination. 
 
The major objective of the study was to understand the genetic control (within and between 
populations) of dimensional stability traits in E. pilularis on a single site.  As the study 
aimed to maximise the difference between samples, total shrinkage prior to reconditioning 
was used as opposed to shrinkage after reconditioning.  This was also true of the previous 
E. dunnii study using 9 year old logs from Boambee.  The main purpose of both studies is 
not to provide average or absolute shrinkage values at a species level.  Rather they aimed to 
understand the patterns of variation within the species on a single site.   
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2.  Materials and methods 
 

2.1  Genetic material 
 

Two unpruned progeny trials, owned by Forests NSW were non-destructively and 
destructively sampled for a wide range of wood property traits: 
 
1) E. pilularis (blackbutt) trial, planted at Hannam Vale, near Taree NSW in 1997, 

contains 301 open-pollinated families originating from seed collected from elite trees 
throughout blackbutt’s natural distribution (Henson and Smith 2007) and represents the 
first step in a blackbutt genetic improvement program (Johnson, 2002).  This trial 
suffered early socketing owing to wind which resulted in stem sweep.  The resulting 
poor form restricted the selection of trees for the sawing component of this study.  The 
whole trial was assessed for growth, straightness, branching and Pilodyn (for density) at 
age 104 months. 

2) E. dunnii (Dunn’s white gum) trial, planted at Boambee, near Coffs Harbour in 1995, 
contains 219 open-pollinated families collected from 14 provenances (Smith and 
Henson 2007).  This trial was thinned at 4 years of age with 50% percent of trees 
removed.  The whole trial was assessed at age 102 months for growth, straightness and 
Pilodyn (for density).   

 
Further information on trial locations and seedlots are given in Appendix A and in Henson 
and Smith (2007) and Smith and Henson (2007). 
 
 

2.1.1  Sample tree selection and allocation for wood property testing 

 

1) E. pilularis 

All trees were assessed by Forests NSW at 104 months of age for DBHOB, height, 
straightness, branching, and pilodyn density testing (two sides of each tree).  Families were 
ranked on volume and a subset was selected to sample maximum genetic variation for more 
intensive testing.  Selected trees were assessed using a range of non-destructive methods for 
wood properties (see below) and 1,100 trees were identified for felling and more intensive 
testing.  Approximately half of these trees (see below for details) were sent to a commercial 
sawing study in Tasmania to establish recovery and economics of processing in a 
commercial environment (funded by ACIAR/FEA).  The remaining trees were sent to 
Southern Cross University (SCU) for detailed wood property assessment, with samples 
going to CSIR in South Africa for wood chemistry assessment and prediction.  A further 
component of the study by SCU, funded by the CRC for Forestry, is to investigate linkages 
between molecular genetics, chemistry and wood property traits with the hope of being able 
to non-destructively screen trees for wood properties in the nursery.  Details of all aspects 
of the sampling strategy are in Figures 1 to 3 and a summary of the studies assessing the 
various traits is in Table 3. 
 
To allow for minimum log specifications that can be processed at FEA’s Hew saw at Bell 
Bay or at SCU, the study was biased towards higher volume families with individual trees 
selected within these families based upon maximum volume and straightness.  Where 
possible, in each 4-tree row plot the best individual tree was retained for seed production, 
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the second-best tree was selected for sawing by FEA and the third-best tree was selected for 
this study.  Final numbers of trees sampled for each study were: 
 
a) ACIAR Project FST/1999/095 – standing tree assessments of 5,465 E. pilularis trees for 

growth, form, pilodyn penetration plus a subsample of trees for MOE, MOR, hardness, 
density and density gradient 

b) ACIAR Project FST/2001/025 using FEA Hew saw in Tasmania - 517 individual trees 
(from 148 families) measuring sawmill recovery, dried recovery and limited operational 
shrinkage and machine stress grade 

c) FWPRDC PN06.3017/SCU shrinkage and wood chemistry study - 438 trees (from 129 
families) 

d) FWPRDC PN06.3017/SCU wood chemistry and molecular studies – 162 additional 
individuals (from 162 families) 

e) An additional 58 plus tree selections were measured for standing tree FAKOPP and 
core sampled for assessing shrinkage.  Ramets of these trees are represented in Forest 
NSW clonal seed orchards. 

f) 99 families were common to both the FEA and SCU, studies providing significant 
linkage  

g) A total of 583 trees (from 278 families) available for NIR analysis and prediction of 
genetic variation in lignin and content of wood sugars.   

 
All trees selected for harvesting were assessed using the FAKOPP acoustic tool (two sides 
of each tree) and records made of stem diameter in two planes (using callipers to determine 
roundness), crown radius on two sides (perpendicular to rows), degree of kino production in 
Pilodyn bark windows, as well as each tree’s micro-site slope angle and aspect.  A single 
12mm core sample was taken at breast height (in the north-south direction) for shrinkage 
studies.  A subset of 193 of the trees selected for the FEA sawing trial was assessed on two 
sides for degree of sapwood growth strain.  The trees selected for strain measurements had 
a second core taken (in the east-west direction).   
 
Trees were felled at 112 months of age.  Trees for the FEA study were cut to 5.2 m lengths 
on site and then transferred to Heatherbrae for further measurements and processing.  At 
Heatherbrae, a single 25 mm disk was taken from the base of each log and transferred to 
SCU for storage for future use if required.  Each log was then cut into a 4.9 m length, with a 
minimum small end diameter (SED) of 150 mm.  If the logs did not meet this size 
requirement, they were cut to 3.7 m lengths, 150 mm SED.  All 193 logs for which growth 
strain was assessed on the standing tree were cut to 3.7 m lengths.  The logs were assessed 
for log length, distance between base of log and breast height, large end diameter (LED) 
and small end diameter (SED), heartwood diameter (both ends), spiral grain angle deviation 
over 1 m, occurrence of brittle heart, and acoustic resonance measured with Director 
Hitman on logs.   
 
Trees for use in the SCU study were cut to 3.2 m lengths on the harvesting site and 
transferred to SCU.  These logs were assessed for LED, SED, heartwood diameter (both 
ends), spiral grain angle deviation over 60 cm, occurrence of brittle heart and acoustic 
resonance with Director Hitman.  The results of the SCU study plus the core and block 
shrinkages and wood chemistry are the subjects of this report.  Results from the FEA study 
are not yet fully complete and will be reported later. 
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2) E. dunnii 

All trees were assessed by Forests NSW at 104 months of age for DBHOB, height, 
straightness, branching, and Pilodyn (for density).  In the E. dunnii study at Boambee a 
Forester 6J pilodyn was used with a 2.5mm pin diameters.  For the E. pilularis study at 
Hannamvale a Forester 6J pilodyn with a 2mm diameter pin was used.  The change in pin 
size was based on to the results of 2005 Forests NSW study which evaluated the efficiency 
of the two diameter pins for predicting density in a 5 year E. pilularis clonal trial.  
Following this study Forests NSW standardised its pilodyn assessments in Eucalypts to a 
2mm pin.   
 
At 75 months increment cores were taken for assessing basic density and maximum 
tangential shrinkage (Arnold et al., 2005) and families with high and low core shrinkage 
identified (Harwood et al., 2005; Smith and Henson 2007).  At 108 months the trees were 
assessed using a range on non-destructive methods for wood properties including FAKOPP 
acoustic velocity (for stiffness) and strain gauge (for growth stress) (Murphy et al., 2005).  
One hundred and eighty one trees were destructively sampled and over 50 traits assessed 
(Henson et al., 2004).  A subset of 40 trees, covering 27 families, was sawn and kiln dried 
(Harwood et al., 2005). 
 
In May 2003 80 trees were destructively sampled for pulp quality assessment from 
Boambee and its sister trial at Megan (Muneri et al., 2007).  Wood samples were pulped at 
Gunns laboratory in Tasmania and used to build initial NIR calibrations for pulp yield and 
basic density at CSIR.  The study was funded by Oji, through the Brisbane Forestry 
Research Centre, and Forests NSW.  Samples from this study were used in the calibration 
models for wood chemistry in the current study.  
 
Wood chemistry of 140 of the same destructively sampled trees was assessed in the current 
study.  The discs that were collected from breast height in 2004 were frozen for 2 years 
before being air-dried and sent to South Africa for wood chemistry studies.  The effect of 
this prolonged storage is unknown and it may have adversely affected the wood chemistry 
results.  A summary of which traits were assessed in which study is given in Table 3. 
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Figure 1  Details of the sampling strategy and wood property assessments  

for Eucalyptus pilularis 
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Figure 2  Sampling strategy for logs sent to Southern Cross University 
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Figure 3  Sampling strategy for ACIAR FST/2001/25 and FEA project 
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Table 3  Traits assessed for each species and each study plus abbreviations used 

 
Trait Abbrev. E. pilularis E. dunnii 

Diameter at 1.3m DBH FNSW FNSW 
Height HT FNSW FNSW 
Volume VOL FNSW FNSW 
Straightness STR FNSW FNSW 
Crown diameter CRND FNSW  
Standing tree acoustics 
(FAKOPP) 

FAKOPP FNSW FNSW 

Bark Thickness BT FNSW  
Pilodyn PILODYN FNSW FNSW 
Core basic density CBD FWPRDC/FNSW FWPRDC PN04.3003 % 

CSIRO#   
Core green density CGD FWPRDC/FNSW FNSW 
Core shrinkage  FWPRDC/FNSW FWPRDC PN04.3003 %  

CSIRO#   
Core collapse  FWPRDC/FNSW FWPRDC PN04.3003 % 

CSIRO#   
Disc green density  FWPRDC/FNSW  
Disc basic density  FWPRDC/FNSW SCU 
Shrinkage on blocks  FWPRDC/FNSW SCU/FNSW 
Collapse on blocks  FWPRDC/FNSW SCU/FNSW 
Strain gauge  ACIAR/FEA/FNSW FNSW/SCU& 
Log acoustics (Hitman) HITMAN ACIAR/FEA/FNSW SCU/FNSW 
Heart/sapwood  ACIAR/FEA/FNSW  
Brittle heart  ACIAR/FEA  
Grain angle  ACIAR/FEA SCU/FNSW* 
Interlocking grain  ACIAR/FEA SCU/FNSW* 
SilviScan  ACIAR/FEA FWPRDC PN04.3003 % 
Wood colour  SCU/FNSW FNSW 
Wood chemistry  FWPRDC/FNSW current FWPRDC & 

FNSW 
Drying defects   FWPRDC PN04.3003 % 
Static MOE  FNSW FNSW 
Static MOR  FNSW FNSW 
Hardness  FNSW FNSW 
# Results published in Arnold et al., (2005) 
% Results published in Harwood et al., (2005) 
& Results published in Murphy et al., (2005) 
* Results published in Thinley et al., (2005) 
 
The square of acoustic velocity in standing trees or logs has been equated to MOE in this 
report by assuming a constant green density of 1000 kg/m3.  This assumption has not been 
widely tested for eucalypts and may introduce a small bias into the results due to variability 
in green density. 
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2.2  Structural properties of E. pilularis 
 

2.2.1  Increment core density 

 
Increment cores basic density was determined using the test method described in Australian 

and New Zealand Standard AS/NZS1080.3:2000 Timber – Method of test – Method 3: 

Density (Standards Australia, 2000).   Cores were placed inside plastic bags immediately 
after extraction and kept under refrigeration at the site to minimise moisture loss.  Green 
mass was determined by weighing the fresh samples and green volume measured in the lab 
using the displacement method described by Heinricks and Lassen (1970).  After 
conditioning to 5% moisture content (MC) cores were dried in a testing oven at 103ºC for 
24 hours and oven-dried weight recorded.  Basic and green density and green moisture 
content were obtained using the following formulas: 
 
Db  =  Oven-dry weight (g)  x 1000       (1) 
           Green volume (cm3)  

Dg  =      Green weight (g)  x 1000       (2) 
           Green volume (cm3)  

where Db is basic density and Dg is green density. 

 
2.2.2   Disc density 

 
The breast height disc samples for determination of green and basic densities were 
processed at the Forests NSW laboratory at West Pennant Hills. A wedge was cut from the 
northern aspect of each disc and sectioned into three sub-samples (representing inner, 
intermediate and outer wood) for assessment of variation in basic density across the radial 
extent (Figure 4).  Basic density (oven-dry weight divided by green volume) of the samples 
was measured gravimetrically in accordance with AS/NZS 1080.3:2000 (Standards 
Australia 2000). The displacement method as described in ASTM (2001) was used to 
determine the green volume.  Green density was determined as green weight divided by 
green volume. 
 
Average green and basic densities for the whole disc was estimated by dividing the combined 
oven-dry weights by the combined green volumes of the three sub-samples from each disc. 
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Figure 4  Sectioning of disc sample for basic density measurements 
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2.2.3   Hardness, moduli of elasticity and rupture 

 
Standard clearwood samples for mechanical wood properties were machined from a section 
near the sapwood/heartwood boundary of the billet taken close to breast height, and 
allowed to air dry until they reached approximately 12% MC. Two samples (north and 
south) were taken for each wood property to be assessed.  
 
Static bending strength (modulus of rupture - MOR) and stiffness (modulus of elasticity - 
MOE) will be done in accordance with the test method as described in Mack (1979) using 
20  20  300 mm specimens. The specimens will be centre-point loaded to destruction on 
the radial face using a (Grade A) Avery universal testing machine. 
 
Hardness or the ability of the wood to resist indentation will be determined on the 
tangential face of specimens in accordance with the Janka hardness test method as 
described in Mack (1979). The test consists of measuring the force (kN) required to indent 
the specimen with a hemispherical end of a steel rod of 11.28 mm diameter to a depth of 
5.64 mm, at a rate of 6.5 mm/min. Two determinations will be made to give an average 
value for each specimen. 
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2.3   Dimensional stability properties of E. pilularis 
 
2.3.1    Core shrinkage 

 

Bark to bark 12 mm cores were taken in a north to south direction from 1163 trees (see 
Figure 5).  After extraction the cores were marked with the tree ID number using an 
indelible pencil and placed in aluminium channelling of 13 mm internal width, following 
the method used by Harwood et al. (2005) and Bandara (2006).  The channels were 
intended to help keep the pieces of broken cores together, and restrain the cores as they 
dried.  All cores and their channels were placed inside plastic bags immediately after 
extraction to minimise moisture loss.  The bags were kept in refrigeration at the site, then 
weighed and placed in a freezer at the end of each day.   Cores were kept frozen for the 
duration of the extraction process (24 days).  The cores were then saturated by immersion 
in water until they reached a constant weight (8 days). 

Cores were marked at each end of the cores for radial shrinkage and at 4 positions along the 
radial length for tangential shrinkage: 60% and 80% from the pith (4 measurements per 
core, Figure 6), to avoid age effect as well as juvenile wood.  Measurements were recorded 
using digital callipers with automatic data entry at 0.00 mm accuracy.   
 
Cores were first measured in the green condition (saturated).  They were then dried in 
conditioning cabinets at a set temperature and relative humidity and measured again when 
they reached 17% MC, 12% MC and 5% MC.  All cores were also scanned at each stage of 
drying using a flatbed scanner.  As the cores were not reconditioned the measured 
shrinkage is total shrinkage and not shrinkage after recovery of collapse. 
 
Tangential shrinkage for each core was calculated using formula 3 and the average of the 
four measurements at each location.  Radial shrinkage was calculated using formula 3 and 
core length measured on the green and 12% moisture content scans.  The ratio of tangential 
to radial shrinkage was calculated using formula 4.  Note that as the samples were not 
reconditioned, the values of T:R ratio may be higher than expected due to differing amounts 
of unrecovered collapse. 
 
Total Shrinkage  = Initial dimension – dried dimension  x 100   (3) 
   Initial dimension 

T:R ratio = Average tangential total shrinkage at 12% MC    (4) 
  Radial total shrinkage at 12% MC 
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Figure 5  Mechanised coring at Hannam Vale, NSW, April 2006 
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Figure 6 Diagram showing position of radial and tangential measurements  

on increment cores 
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2.3.2   Block shrinkage 

 
The 438 trees destructively sampled for SCU had billets, 1.2 m in length, cut from a height 
about 1.5 metre from the ground.  Four shrinkage blocks of 25 mm (radial) x 25 mm 
(tangential) x 100 mm (longitudinal) dimension and free of defects were cut from each billet, 
as described by Kingston and Risdon (1961).  Two blocks were cut from the north side of each 
log and two from the south side, as shown in Figure 7.   One pair of north-south samples was 
used for linear shrinkage assessment; the other pair was used for collapse assessment. 
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Figure 7   Schematic representation of the cutting pattern used for shrinkage  

and collapse blocks 
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The shrinkage blocks were marked on the radial and tangential faces at three locations 
along the longitudinal axis as described in Kingston and Risdon (1961).  They were 
measured in the green condition and, as with the increment cores, were dried in 
conditioning cabinets and measured at 17% MC, 12% MC and 5% MC.  Linear total 
shrinkage was determined using formula 4.  As the blocks were not reconditioned the 
measured shrinkage is total shrinkage and not shrinkage after recovery of collapse.  
Collapse was assessed separately as described below. 
 
The collapsed blocks were dried at 70ºC for 24 hours to enhance collapse.  They were left 
to equilibrate at room conditions of 23ºC and 60% r.h.  Collapse was assessed using two 
methods.  For the first method the point of maximum tangential collapse on each block was 
marked and measured using digital callipers with automatic data entry.  The blocks were 
then re-conditioned for 2 hours and left to equilibrate at room condition.  The point of 
maximum collapse was then re-measured on each block.  Maximum recoverable tangential 
collapse was determined using formula 5. 
 
Maximum Collapse = Min diameter after reconditioning – Min diameter before 
reconditioning x 100  (5) 
                        Min diameter after reconditioning 
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For the second method the collapsed blocks were assigned a visual score of 1 to 6 
according to the severity of their collapse.  Blocks rated 1 were least collapsed while blocks 
rated 6 had the most severe collapse.  The purpose was to force a normal distribution 
(5:15:30:30:15:5) of scores, so the samples were allocated into the 6 groups accordingly. 
 
 

2.3.3   Grain properties 

 
Spiral grain was measured on the 1.2 m billets prior to processing in the manner described 
in Australian and New Zealand Standard AS/NZS1080.3:2000 Timber – Method of test – 

Method 2: Slope of grain (Standards Australia, 2006).  The longitudinal axis of the billet 
was marked with a chalked stringline.  The scribe was pulled over a distance of 600 mm on 
the cambium of each billet and the deviation from the longitudinal axis was recorded.  
Grain angle (º) was calculated using formula 6. 
 
� = tan-1 (D / L)         (6) 
 
where   � = Grain angle (º) 

D = Deviation (mm) 
 L = Distance along the longitudinal axis over which deviation was measured (mm) 
 
Interlocking grain was assessed using the method described in Thinley et al. (2005).  Discs 
cut from a height about 1.3 metre above ground were dried and then split in two directions 
using an axe and block buster.  This produced four sections of discs with eight straight 
edges from which to measure interlocking grain.  For each disc, two sections were chosen 
with clean straight edges on the cut side and pronounced interlocking grain on the other 
side.  For each section three measurements were recorded: disc thickness (mm), wave 
amplitude (mm) and wave frequency (Figure 8).  The magnitude of interlocking grain (º) 
was calculated using formula 7.  The average of each pair of measurements was used for 
statistical analysis. 
 
� = tan-1 (A / T)         (7) 
Where � = Magnitude of interlocking grain (º) 
 A = Amplitude (mm) 
 T = Disc thickness (mm) 
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Figure 8  Interlocking grain assessment 
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2.3.4   Heartwood proportion 

 
Heartwood and sapwood proportion was measured on whole 3.2 m logs.  The width of the 
sapwood band and the thickness of the heartwood core were measured with a measuring 
tape to 1 mm accuracy.  Measurements were recorded at each end of the log in the east-
west as well as in the north-south direction, as shown in Figure 9.  The proportion (%) of 
heartwood and sapwood for each log was calculated by first averaging the east-west and 
north-south directions, then averaging the small-end and butt-end areas (mm2). 

 
Figure 9  Measurements used to calculate heartwood and sapwood proportion 
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2.4  Wood chemical properties 
 

2.4.1   Samples used 

 
A 25 mm disc was cut from the bottom of the log from each of 583 E. pilularis trees (see 
above).  Eighty two trees had been sampled from E. dunnii in 2004 (see Muneri et al., 
2005, 2007) and an additional 140 trees were added as part of this study (Henson et al., 
2004).  For E. pilularis, 97 samples were used to develop and test the calibration models.  
For E. dunnii 70 samples (35 from the 2004 sampling plus 35 from current sampling) were 
used for model development and testing. 
 
All discs were delivered to CSIR in South Africa where they were ground into wood meal 
using a Wiley Mill.  Samples were screened through a 40 to 60 mesh screen (in accordance 
with Tappi T257) to yield sawdust with a uniform particle size distribution.  The NIR 
spectra of all 680 E. pilularis samples (97 for model development plus 583 additional 
samples) and 222 E. dunnii samples (70 for model development plus 152 additional 
samples being 47 from 2004 sampling and 105 from current sampling) were obtained using 
diffuse reflectance in a NIR Systems Inc Model 6500 scanning spectrophotometer. The NIR 
spectra were acquired at 0.5-nm intervals over the spectral range 1100 nm -2500  nm. The 
average spectra from duplicate scans were used to give a single spectrum for each sample. 
 
 

2.4.2   Wood chemical analysis and calibration building 

 
Chemical analysis was carried out in duplicates using methods described below: 

• Cellulose content – using Seifert method 
• Lignin content – Klason method (TAPPI 222 om-84 method) 
• Hemicellulose content – HPLC method (TAPPI T249 cm-85 method). 

 

All spectra were combined with their corresponding chemical properties for regression 
analysis.  Mahalanobis distance algorithm helped to divide the data into the calibration set, 
which was used to develop the model, and the validation set which was used to test the 
performance of the model.   Multivariate partial least squares (PLS) regression analysis was 
carried out using the ISI software supplied by NIR Systems, to relate the spectra to the 
chemical properties. A cross-validation method was conducted to determine the optimum 
number of PLS factors to be used in the model. The R2, standard error of calibration (SEC), 
standard error of cross validation (SECV) and standard error of prediction (SEP) generated 
from the regression were used to test how well the NIR model fitted the calibration data 
used to develop it.  Once the models were developed, they were used to predict the 
chemical composition on the remaining 583 sawdust samples which had not been measured 
using wet chemistry. 
 
 
2.5   Statistical analysis 
 
Eucalyptus pilularis families were assigned to 6 genetic groupings depending on their 
origins: Queensland, north east NSW (NE NSW), upper mid north coast of NSW (UMNC), 
lower mid north coast of NSW (LMNC), Central Coast of NSW (CC) and plantation origin.  
Differences between groups were used to determine any clinal effects within the species. 
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Variance components, heritabilities and genetic correlations were calculated using ASReml 
Version 2.00a Build P (Gilmour et al., 2006).  Although the trial was planted in a lattice, 
row-column design, not all individual trees in the trial were used for the wood properties 
assessment.  The limited subset of trees cored did not allow the inclusion of Row, Column 
and Plot effects in the model.  Therefore the model used was simplified to a Randomised 
Complete Block (Williams et al., 2002).  The general form of the individual tree univariate 
mixed model fitted here (equation 8) used region for E. pilularis and seedlot for E. dunnii 
plus replicate as fixed effects and individual tree as random effect.  Although both trials 
were established as incomplete blocks, the block and plot terms were excluded from the 
model for the wood quality traits owing to the incomplete nature of the sampling.  A 
separate pedigree file was used to define the genetic relationships of individual trees.  
Individual-tree narrow-sense heritability estimates were calculated using equation 9 and 
assuming the coefficient of relationship was 0.25, which assumes the individuals are fully 
outcrossed.  Using this coefficient of relationship provides a maximal estimate of 
heritability.   
 
Y = X  + Z  +          (8) 
 
h2 = t

2 / a
2           (9) 

 
where h2 is the narrow sense heritability 
 t

2 is the individual tree variance 
 a

2 is the total phenotypic variance 
   
 



22 

3.   Results 
 

3.1   Growth and non-destructive wood traits 
 
The average DBHs for all trees in the E. pilularis trial was 18.6 cm and 21.7 cm for the 
E. dunnii trial (Table 4).  Both trials showed similar coefficients of variation for all growth 
traits.  Trees sampled for wood properties were slightly larger than the trial averages 
(Figures 10 and 11) but had a lower coefficient of variation reflecting the selection based on 
tree size.  Heritabilities for all growth traits were highest for the complete E. dunnii data set 
(Table 4) and somewhat lower for the complete E. pilularis data set.  The subset of trees 
sampled for wood properties had a reduced heritability for DBH, again reflecting the 
selection based on tree size. 
 
Figure 10  Diameter distribution for whole trial and sample trees for Eucalyptus pilularis 
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Figure 11  Diameter distribution for whole trial and sample trees for Eucalyptus dunnii 
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Pilodyn penetration was slightly larger for E. pilularis but the coefficient of variability was 
similar for the two species.  However, this result may be due to differences in the pin size 
used: both trials were sampled with a 6J pilodyn but a 2.5 mm pin was used for the 
E. dunnii and a 2.0 mm pin for the E. pilularis.  As the pin is fired with a fixed force, the 
depth of penetration would be expected to be related to the pin diameter. 
 
The average standing tree FAKOPP velocity2 were similar for the 2 species.  Heritability 
for both pilodyn penetration and standing tree FAKOPP velocity2 was high for both 
species, with both traits having higher heritability in E. pilularis, despite the lower 
coefficient of variation.   
 
 

Table 4  Site means, coefficients of variation (CV) and heritabilities (h
2
) and standard 

errors (SE) for growth and non-destructive wood traits for each species.  

Eucalyptus dunnii data from Henson et al. (2004) 

 
E. pilularis      E. dunnii     

Trait Age n Mean CV% h
2
 SE Age n Mean CV% h

2
 SE 

All trees in the trial            
DBH (cm) 104 5465 18.6 26% 0.201 0.038 102 2032 21.7 25% 0.403 0.084 
Height (m) 104 5462 20.7 21% 0.265 0.044 102 2031 26.4 19% 0.468 0.091 
Volume (m3) 104 5462 0.23 56% 0.218 0.040 102 2031 0.37 54% 0.302 0.077 
Wood sample trees            
DBH (cm) 104 1161 20.6 14% 0.064 0.080 102 181 22.8 14%   
Height (m) 104 1161 22.7 11% 0.193 0.093 102 181 28.2 10%   
Volume (m3) 104 1161 0.28 35% 0.083 0.080 102 181 0.42 34%   
             
PILODYN 
(2.0 mm pin) 

104 1159 14.60 11% 0.615 0.125       

PILODYN 
(2.5 mm pin) 

      102 2031 12.36 13% 0.510 0.085 

FAKOPP Vel2 112 945 13.09 10% 0.636 0.132 108 176 13.17 13% 0.416 0.300 

 

 
Within E. pilularis, the trees from SE Queensland were significantly smaller for both height 
and DBH than those from NSW (Table 5).  Amongst the NSW regions, trees from the NE 
region were slightly smaller than those from other NSW regions.   However, there was little 
difference between the regions for PILODYN penetration or standing tree FAKOPP 
velocity2. 
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Table 5  Means and probability values for significance of differences between region 

within Eucalyptus pilularis for growth and non-destructive wood traits 
 

Region 

No. 
fams No. 

trees 
DBH 
(cm) 

HT 
(m) 

VOL 
(m3) 

PILODYN 
(mm) 

FAKOPP 
Vel2 

(km/s)2 
SE QLD 12 23 18.08 20.99 0.224 14.52 13.83 
NE NSW 38 121 20.22 22.40 0.274 14.55 13.51 
Upper MNC 76 327 20.84 22.75 0.289 14.56 13.09 
Lower MNC 92 364 20.44 22.66 0.280 14.71 13.15 
Central Coast 8 20 20.95 22.93 0.288 14.28 13.39 
Plantation 69 310 20.90 22.97 0.294 14.58 13.12 
Total  1165      
Probability   0.002** 0.016* 0.011* 0.760 0.202 
 

 

3.2  Log acoustic velocity2, green density and relationship 
between acoustics and green density 
 
Average log HITMAN Vel2 was higher for E. dunnii (Table 6).  The standing tree and log 
acoustic measurements differed in heritability between the species.  For E. pilularis the 
HITMAN Vel2 measured on the log had a much lower heritability and lower variability 
than the standing tree FAKOPP Vel2.  In contrast, the log values were more heritable than 
the standing tree values for E. dunnii. 
 
 
Table 6  Site means, coefficients of variation (CV) and heritabilities (h

2
) and standard 

errors (SE) for log acoustic velocity ((km/s)
2
) and green density (kg/m

3
) for 

each species.  Eucalyptus dunnii data from Henson et al. (2004) 

 

E. pilularis       E. dunnii     

Trait Age n Mean CV% h
2
 SE Age n Mean CV% h

2
 SE 

HITMAN 
Vel2 

112 1066 13.08 14% 0.195 0.100 108 176 15.12 11% 0.617 0.319 

Core Green 
Density 

112 1147 1056 8% 0.109 0.082       

Disc Green 
Density 

112 560 998 5% 0.348 0.195 108 176 1100 3% 0.922 0.338 

 
Green density values were lower for the discs than the cores for E. pilularis, perhaps 
indicating some drying had occurred.  Little variation was found for green density with all 
coefficients of variation being less than 10% and 5% or below for the discs.  However, 
green density appears to be highly heritable for E. dunnii.  For E. pilularis the heritability 
values were relatively low for the cores and slightly higher for the discs. 
 
Routine use of acoustics for determining MOE makes the assumption that green density is a 
constant and that the wood is fully saturated.  If any drying of the wood has occurred, 
perhaps due to lower saturation from water stress, a relationship may be found between the 
green density and acoustic velocity (Ilic 2001). To determine whether green density 
affected acoustic measurements for E. pilularis, the density values for the cores (measured 
shortly after extraction) were plotted against the velocity values (Figure 12).  No 
relationship was found for either FAKOPP or HITMAN, so it is safe to assume a constant 
value for this species. 
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Figure 12  Relationship between green density (kg/m
3
) of fresh cores and FAKOPP 

velocity
2
 [(km/s)

2
] or HITMAN velocity (km/s) 
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No geographic trends across the regions within E. pilularis are evident for HITMAN Vel2 
or green density (Table 7). 
 
 
Table 7  Means and probability values for significance of differences for each region 

within Eucalyptus pilularis for HITMAN Vel
2 (km/s)

2
 and green density 

(kg/m
3
) traits 

 

Region No. 
HITMAN 
velocity2 

Core green 
density 

Disc green 
density 

SE QLD 23 12.87 1067 987.8 
NE NSW 121 13.52 1050 987.3 
Upper MNC 327 13.12 1060 984.8 
Lower MNC 364 13.30 1052 978.7 
Central Coast 20 13.67 1077 986.8 
Plantation 310 13.24 1055 985.6 
Probability  0.381 0.594 0.775 
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3.3   Structural properties 
 
Average basic density for discs was over 500 kg/m3 and similar for the two species (Table 8).   
Density increased with distance from the pith in E. pilularis, going from 424 kg/m3 for the inner 
most segment to 553 kg/m3 for the outer segment (Table 8).  Similar density increases were 
found for 9 year old blackbutt from 40 km north of Coffs Harbour by McGavin et al. (2006) who 
reported an inner heartwood density of 419 kg/m3 and a sapwood density of 582 kg/m3.   
 
Heritability for whole disc density was much higher in E. pilularis (0.79) than in E.  dunnii 
(0.30).  Heritabilities for whole discs or disc segments (0.57 to 0.78) were also much higher than 
that for the cores (0.40) in E. pilularis.  In contrast, the E. dunnii cores had a higher heritability 
than the discs; however, this result should be regarded with caution due to a larger sample size 
and the fact that both measures were not done on the same set of trees at the same age. 
 
For E. pilularis, the heritability for density was highest for the middle segment and 
somewhat lower for the outer segment.  Other traits measured on the outer wood 
(PILODYN and FAKOPP) showed high heritabilities.   
 

Table 8  Site means, coefficients of variation (CV) and heritabilities (h
2
) and standard 

errors (SE) for core and disc density (BD in kg/m
3
) plus MOE (KPa), MOR 

(MPa) and hardness (kN) on short clear samples for each species.  Eucalyptus 

dunnii data from Henson et al. (2004). 
 

E. pilularis      E. dunnii     

Trait Age n Mean CV% h
2
 SE Age n Mean CV% h

2
 SE 

Core BD 112 1153 471 10% 0.396 0.120 75 249 466 7% 0.479 0.352 
Disc BD 112 560 504 8% 0.793 0.221 108 179 514 8% 0.303 0.286 
Disc BD             

  Inner 1/3 112 560 424 10% 0.612 0.204       

  Middle 1/3 112 560 459 10% 0.776 0.222       

  Outer 1/3 112 560 553 9% 0.573 0.214       
             
MOE       108 176 16466 13% 0.263 0.296 
MOR       108 176 110.9 14% 0.515 0.320 
Hardness       108 177 5.2 24% 0.277 0.287 

 
With the exception of disc basic density (which was a weighted average of the three segments), 
the traits measured on the whole stem cross section (HITMAN and core BD) showed much 
lower heritabilities.  One possible reason is the relatively steep pith-to-bark trend for density 
with the average density in the outer segment being around 100kg/m3 higher than the inner 2 
segments (Table 8).  The correlations (Table 9) between basic density for the outer and inner 
segments were relatively low (less than 0.4) and much lower than the correlations for adjacent 
segments.  In addition, the density for the inner segment shows a moderate negative correlation 
with DBH indicating an effect of tree size. However, Table 10 indicates there were no 
significant regional differences for basic density within E. pilularis (Table 9).  Figure 13 
indicates that this negative correlation between DBH and inner segment basic density is due to 
the Queensland seedlots which lower DBH and slightly higher density.  Within the NSW 
families, no relationship between family mean DBH and inner segment density was evident. 
 
Removing the Queensland families did not lead to much improvement in the family mean 
correlation between basic density in the outer and inner segments, increasing it from only 
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0.37 to 0.4.  Combined, these results indicate that the wood in the centre of the stem is 
different, at least in terms of basic density.  In addition, as there are no clearly defined ring 
boundaries, it is unclear how many years of growth are included in each segment of the disc.  
It is possible that if families are on slightly different growth curves and the wood included 
into each segment may not be formed in the same years.  If this is the case, then the sampling 
strategy used may have complicated interpretation of the results.  A sub-sample of trees from 
the FEA sawmill trial are being analysed using SilviScan analysis as part of the ACIAR 
project FST/1999/095.  Results from these detailed analyses should shed some light on what 
is happening with the pith-to-bark density and stiffness variation at this site. 
 
Table 9   Individual tree, family mean and genetic correlations between basic density 

in each disc segment and for basic density with DBH for individual trees and 

for family means for Eucalyptus pilularis 
 

Trait 1 Trait 2 Indiv Family Genetic SE 
BD core BD disc 0.47 0.46 0.92 0.00 
BD outer 1/3 BD middle 1/3 0.61 0.63 0.99 0.07 
BD outer 1/3 BD inner 1/3 0.39 0.37 0.73 0.19 
BD middle 1/3 BD inner 1/3 0.72 0.73 0.79 0.12 
BD outer 1/3 DBH 0.26 0.11   
BD middle 1/3 DBH 0.13 -0.08   
BD inner 1/3 DBH -0.18 -0.41   

 
Table 10  Means and probability values for significance of differences for each region 

within Eucalyptus pilularis for basic density (kg/m
3
) 

 

Region No. Core Disc Inner 1/3 Middle 1/3 Outer 1/3 
SE QLD 23 473 511 458 462 541 
NE NSW 121 468 508 443 462 546 
Upper MNC 327 470 507 429 454 550 
Lower MNC 364 471 501 434 456 535 
Central Coast 20 484 522 439 474 556 
Plantation 310 470 502 429 451 540 
Probability  0.929 0.541 0.083 0.650 0.235 

 
Figure 13  Relationship between family means for basic density of inner segment of 

the disc (kg/m
3
) and tree diameter at 1.3 m (cm) for the NSW regional groups 

and for Queensland group 
 

 

y = -16.816x + 785.68

R2 = 0.09

300

350

400

450

500

550

600

18 19 20 21 22

DBH

B
a
s
ic

 d
e
n

s
it

y
 i

n
n

e
r 

1
/3

NSW Queensland

 



28 

To determine the potential for predicting individual tree density from PILODYN or 
acoustic measurements, the relationships of each of these were plotted against disc basic 
density, density of the outer 1/3 segment of the disc and core basic density.  PILODYN 
penetration was the best predictor for density (Figure 14), accounting for 55% of the 
variation in outer wood density and 49% of average disc density.  Standing tree FAKOPP 
velocity2 and log HITMAN velocity2 were somewhat poorer predictors for density 
accounting for less than 25% of the variation in any measure of density.  Conversely, 
density is a poor predictor of acoustic velocity squared. 
 
One alternative for selection in a tree breeding program is to select based on family mean 
values.   The potential for using non-destructive measurements (PILODYN or cores) to 
predict family mean average disc density was evaluated by plotting the family means for 
each trait (Figures 15 and 16).  Despite its high heritability value, PILODYN penetration 
appears to be better at predicting individual tree values (Figure 14) than family means 
(Figure 15) with only 36% of the variation in family mean average disc basic density 
accounted for (vs 49% for individual tree values).  For cores, both the individual tree and 
family means (Figure 16) indicate that cores are not reliable predictors for disc density with 
both having R2 values round 20%.  Similarly, for acoustic velocity traits  (Figure 17), the 
non-destructive measurement on standing trees (FAKOPP) was not a good predictor of logs 
(HITMAN) for family means or individual trees accounting for around 30% of the 
variation.   
 
The lack of prediction power for family mean HITMAN velocity squared were expected 
based on the relatively low heritability for this trait.  However, stronger relationships would 
have been expected for PILODYN or core density vs disc density, as all traits have 
moderate to high heritability values (0.62, 0.40 and 0.79 respectively).  These results 
support the differences observed above for heritabilities and changes in density from pith-
to-bark and suggest that the wood in the centre of the stem is behaving differently to the 
outer wood.  If this is the case then the low correlations may be due to the core samples 
containing proportionally more inner wood than discs samples and the fact that the pilodyn 
only penetrates the outermost wood. 
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Figure 14  Relationship between disc average basic density (filled circles, solid lines), 

outer 1/3 section basic density (open circles, dashed lines) and core basic 

density (crosses, dotted lines) (kg/m
3
) with PILODYN penetration (mm), 

FAKOPP velocity
2
  [(km/s)

2
] and HITMAN velocity squared [(km/s)

2
].  R

2
 

is for fitted regression lines, Gen corr = genetic correlation with standard 

error in brackets. 
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Figure 15  Relationship for family means between disc average basic density (filled 

circles, solid line) and outer 1/3 section basic density (open circles, dashed 

line) (kg/m
3
) with PILODYN penetration (mm). 
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Figure 16  Relationship for individual tree values (crosses, dashed line) and family 

means (circles) for core basic density and disc average basic density (kg/m
3
). 

 

 

R2 = 0.21

R2 = 0.22

300

350

400

450

500

550

600

650

700

200 300 400 500 600 700 800 900 1000

Core Basic Density

D
is

c
 B

a
s
ic

 D
e
n

s
ti

y

Individual trees

Family means

 
 
 
 

 



31 

Figure 17 Relationship for individual tree values (crosses, dashed line) and family 

means (circles) for standing tree FAKOPP Velocity
2
 [(km/s)

2
] and log 

HITMAN Velocity
2
 [(km/s)

2
].  Genetic correlation = 0.99. 
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3.4   Dimensional stability properties 
 

3.4.1   Core and block shrinkage 

Cores showed slightly higher shrinkage than the blocks at 12% moisture content (MC) and 
slightly lower shrinkage at the other moisture contents (Table 11).  There was a consistent 
difference in tangential shrinkage between the northern and southern sides of the trees, with 
shrinkage being less on the southern side.  Heritability for tangential shrinkage was 
moderate and higher for the southern side of the tree (Table 11) for both the cores and 
blocks.  Across the three moisture contents, heritability values for average shrinkage were 
similar for the cores (0.33, 0.28 and 0.35) but differed for the blocks (0.38, 0.07, 0.19), 
where the heritability at 12% MC was close to zero.  No regional differences were apparent 
for tangential shrinkage at 12% MC (Table 12). 
 
Radial shrinkage of the blocks was greatest for the southern side of the stem (Table 11) 
which contrasts to the lower values on this side of the tree for tangential shrinkage.  
Regional differences were also apparent with radial shrinkage of blocks being greatest for 
the Queensland and NE NSW seedlots (Table 12).  Heritability for average radial shrinkage 
of the blocks was relatively low (0.13, 0.19, 0.08).  Heritability was higher for the northern 
side of the stem for the two highest moisture contents (17 and 12%) but zero for this side of 
the stem at 5% MC.  Radial shrinkage of the cores was measured at 12% MC using the 
scans of the cores. Average shrinkage of the cores was quite a bit larger (Table 11) than that 
measured on the blocks (3.90% vs 2.75% for cores and blocks respectively) but the 
heritabilities were similar (0.14 vs 0.19). 
 
Tangential to radial shrinkage ratio was higher for the blocks (Table 11) but no regional 
differences were evident (Table 12).  Heritability of T:R ratio was low, being zero for the 
blocks and 0.11 for the cores (Table 11).   
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Values for block radial shrinkage to 12% MC are comparable to those found by Muneri and 
Leggate (2000) and McGavin et al. (2006).   However, average tangential shrinkage to 12% 
MC (6.7%) is much higher than the 4.8% of McGavin et al. (2006) or the 5.2% of Muneri 
and Leggate (2000), possibly due to unrecovered collapse in the current study.  This may 
have led to the T:R ratio (3.98%) being much higher than the 2.18% of McGavin et al. 
(2006) or the 2.7% of Muneri and Leggate (2000).  The observed differences may also have 
been due to the broad range of genetic material included in this study or possibly to 
differences in drying conditions. 
 
Table 11  Means values for both sides and for north and south sides of the tree 

separately for core and block total shrinkage (%) at 112 months for 

E. pilularis.  CV equals the coefficients of variation, h
2
 the heritabilities and 

SE their standard errors.  

 
 CORES    BLOCKS    

Trait n Mean CV% h
2
 SE n Mean CV% h

2
 SE 

Tangential            

17% MC 1163 7.79 29% 0.33 0.10 469 7.92 36% 0.38 0.22 
North 1163 8.04 33% 0.22 0.09 418 8.07 40% 0.23 0.25 
South 1163 7.55 32% 0.35 0.11 411 7.68 37% 0.50 0.24 

12% MC 1163 9.42 22% 0.38 0.11 466 8.69 30% 0.07 0.20 
North 1163 9.55 25% 0.27 0.10 415 8.79 34% 0.03 0.23 
South 1163 9.30 23% 0.40 0.11 405 8.45 31% 0.20 0.25 

5% MC 1162 11.09 19% 0.35 0.10 464 12.76 25% 0.19 0.22 
North 1162 11.20 22% 0.23 0.09 415 13.13 28% 0.21 0.25 
South 1161 10.99 20% 0.37 0.11 407 12.43 27% 0.52 0.26 

           
Radial           

17% MC      467 2.46 55% 0.13 0.21 
North      413 2.40 66% 0.26 0.25 
South      407 2.50 56% 0.00 0.00 

12% MC 1022 3.90 46% 0.14 0.10 466 2.75 47% 0.19 0.21 
North      413 2.62 58% 0.41 0.25 
South      401 2.85 49% 0.00 0.00 

5% MC      463 4.98 36% 0.08 0.21 
North      414 4.87 43% 0.00 0.00 
South      404 5.04 37% 0.07 0.25 

           

T:R ratio 1020 3.07 86% 0.11 0.11 465 3.98 87% 0.00 0.00 
 
 

Table 12  Means and probability values for significance of differences for each region 

within E. pilularis for total shrinkage traits (%) measured on blocks 
 

Region 
Tangential 

12% 
Radial 
12% 

T:R 
ratio 

SE QLD 9.79 3.39 3.62 
NE NSW 9.32 3.13 4.07 
Upper MNC 8.41 2.31 4.35 
Lower MNC 8.42 2.39 4.44 
Central Coast 7.71 2.31 4.23 
Plantation 8.99 2.54 4.42 
Probability 0.104 0.002** 0.976 
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To determine the potential for predicting block shrinkage at 12% MC from cores, the 
relationships for tangential and radial shrinkage were plotted (Figures 18 and 19).  Twelve 
percent moisture content was used in the following plots as this is close to the level at 
which the product will be marketed.  For both measures of shrinkage, cores would appear to 
be a useful predictor for family means, with R2 values of 0.45 and 0.48 (which equates to 
correlations of 0.67 and 0.69).  However, cores are not good predictors for individual trees, 
explaining only 33% of the variation for tangential shrinkage and 4% for radial shrinkage.  
 
Correlations between cores and blocks for T:R ratio were very close to zero indicating that 
cores can not be used for prediction of this trait. 
 

 

Figure 18  Relationship for individual tree values (crosses, dashed line) and family 

means (circles) for total tangential shrinkage measured on blocks (%) and 

on cores (%) 
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Figure 19  Relationship for individual tree values (crosses, dashed line) and family 

means (circles) for total radial shrinkage measured on blocks (%) and on 

cores (%) 
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No correlation was found between basic density and any of the shrinkage traits measured 
on blocks (Table 13).  The best predictor of shrinkage appeared to be family mean DBH, 
which was negatively related to both tangential and radial shrinkage but positively related 
to the T:R ratio.  As significant regional differences in DBH were found (see Table 5) the 
smaller Queensland seedlots were removed and the correlations recalculated.  Within the 
NSW seedlots, there was no correlation between family mean DBH and tangential 
shrinkage and the correlations for radial and T:R ratio with DBH were much reduced. 
 

Table 13 Individual tree, family mean and genetic correlations of total shrinkage 

traits (% measured on blocks) with basic density (kg/m
3
), standing tree 

FAKOPP velocity
2
 [(km/s)

2
]and DBH (cm) for individual trees, for family 

means and for means for only the NSW families for E. pilularis.  
 

Trait 1 Trait 2 Indiv Family NSW families Genetic SE 
Core tangential Block tangential 0.56 0.67  0.99  
Tangential 12% BD disc -0.09 0.01  0.59 0.96 
Tangential 12% FAKOPP Vel2 -0.09 0.20  -0.50 0.81 
Tangential 12% DBH -0.10 -0.45 -0.07   
     0.51 0.67 
Core radial Block radial 0.19 0.69  -0.11 0.37 
Radial 12% BD disc 0.08 0.08  -0.52 0.46 
Radial 12% FAKOPP Vel2 0.07 0.25    
Radial 12% DBH 0.13 -0.56 -0.27   
       
T:R core T:R block 0.01 -0.28    
T:R ratio BD disc -0.17 -0.14  -0.57 0.39 
T:R ratio FAKOPP Vel2 -0.09 -0.31    
T:R ratio DBH -0.15 0.74 0.28   
 

3.4.2  Block collapse 
 

The different measures of collapse (grade versus maximum) give slightly different results 
(Table 14).  Classifying the degree of collapse into 6 grades and imposing a normal 
distribution on the data resulted in a large increase in the heritability values for collapse, 
from 0.03 for average maximum to 0.55 for grade.  However, results were again influenced 
by the side of the tree from which the samples came.  The north side of the tree gave the 
highest average values for both maximum and collapse grade.  Heritability for maximum 
collapse was higher for the north side of the stem, but the reverse occurred for collapse 
grade, where the heritability was higher on the southern side of the stem. 
 

Table 14 Average values for both sides and for north and south sides of the tree 

separately for block collapse at 112 months for E. pilularis.  CV equals the 

coefficients of variation, h
2
 the heritabilities and SE their standard errors.  

 

Trait n Mean CV% h
2
 SE 

Maximum (%) 481 9.47 35% 0.03 0.20 
    North  424 9.96 38% 0.18 0.24 
    South  435 8.99 38% 0.10 0.22 
      
Grade 482 3.52 30% 0.55 0.23 
    North  427 3.60 33% 0.36 0.25 
    South  441 3.41 35% 0.58 0.24 
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No regional differences were apparent for either measure of collapse (Table 15).  No 
significant correlations were found for collapse with basic density or standing tree stiffness 
(Table 16).  Family mean DBH appeared to be a good predictor of maximum collapse 
where the correlation was -0.70.  Despite the lack of significant regional differences, 
removing the Queensland families reduced this correlation between DBH and maximum 
collapse to 0.13 indicating that there was little relationship between these two traits 
amongst the NSW families. 
 
 
Table 15 Means and probability values for significance of differences for each region 

within E. pilularis for collapse traits measured on blocks 
 
Region Grade Maximum (%) 
SE QLD 4.4 14.0 
NE NSW 3.8 11.6 
Upper MNC 3.5 11.1 
Lower MNC 3.7 11.1 
Central Coast 3.2 10.1 
Plantation 3.8 11.7 
Probability 0.109 0.150 

 
 
Table 16 Individual tree, family mean and genetic correlations of collapse traits 

(measured on blocks) with basic density (kg/m
3
), standing tree FAKOPP 

velocity
2
 [(km/s)

2
]and DBH (cm) for individual trees, for family means and 

for means for only the NSW families for E. pilularis.  
 

Trait 1 Trait 2 Indiv Family 
NSW 

families Genetic 
 

SE 
Grade Maximum 0.57 0.50 0.40 0.99  
       
Grade BD disc -0.21 -0.21  -0.36 0.24 
Grade  FAKOPP Vel2 -0.25 0  -0.31 0.22 
Grade DBH -0.06 -0.38 -0.13   
Grade  Block Tangential 12% 0.45 0.52 0.42 0.97 0.88 
Grade Block Radial 12% 0.21 0.45 0.33 0.43 0.44 
Grade Core Tangential 12% 0.39 0.48 0.39 0.40 0.22 
       
Maximum  BD disc -0.14 -0.02    
Maximum FAKOPP Vel2 -0.17 0.20    
Maximum DBH 0.03 -0.70 0.13   
Maximum Block Tangential 12% 0.35 0.81 0.87   
Maximum Block Radial 12% 0.06 0.66 0.50   
Maximum Core Tangential 12% 0.26 0.54 0.38   

 
 
Family mean correlations for collapse grade and maximum collapse with block tangential 
and radial shrinkage ranged from 0.45 to 0.81 and indicated a degree of inter-relatedness of 
these traits (Table 16).  However, when the pair of traits with the highest correlation (of 
0.81 for maximum collapse and block tangential shrinkage) was plotted against each other a 
clear geographic pattern emerged, with both collapse and tangential shrinkage decreasing 
with increasing latitude (Figure 20).  To determine whether core samples could detect and 
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predict regional differences the family means for core tangential shrinkage were plotted 
against maximum collapse (Figure 21).  Interestingly, the range in family means for core 
tangential shrinkage was larger than for the blocks leading to an obscuring of the regional 
differences, especially amongst the NSW seedlots.  Therefore, tangential shrinkage of cores 
does not appear to be useful as a predictor of maximum collapse. 
 

Figure 20  Relationship for family mean block total tangential shrinkage (%) at 12% 

MC and family mean maximum collapse (%) for each regional grouping.  

NE NSW = North East NSW, UMNC = Upper mid north coast, LMNC = 

Lower mid north coast. 
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Figure 21  Relationship for family mean core total tangential shrinkage (%) at 12% 

MC and family mean maximum collapse (%) for each regional grouping.  

NE NSW = North East NSW, UMNC = Upper mid north coast, LMNC = 

Lower mid north coast. 
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3.4.3   Spiral and interlocking grain 

 
The average spiral grain angle was low (1.9o) for E. pilularis and heritability for this trait 
was zero (Table 17).  In contrast, for E. dunnii, this trait had a heritability of 1 indicating 
large species differences.   
 
Interlocking grain in E. pilularis also had a low heritability but appears to be related to 
tangential shrinkage in the blocks at a family mean level (Figure 22).  A similar relationship 
was apparent for family mean radial shrinkage at 12% (Figure 23).  However, when the 
Queensland and NE NSW seedlots were separated out (due to their higher level of radial 
shrinkage), no relationship was apparent for the remaining NSW seedlots. 
 
 
Table 17 Average values for grain traits and sap and heartwood percentages for 

E. pilularis and for spiral grain for E. dunnii.  CV equals the coefficients of 

variation, h
2
 the heritabilities and SE their standard errors.  

Eucalyptus dunnii data from Henson et al. (2004). 

 
Trait n Mean CV% h

2
 SE 

E. pilularis      
Spiral angle (o) 1017 1.92 78% 0 0 
Interlocking (o) 525 4.77 51% 0.08 0.19 
Wave length 490 16.23 29% 0.33 0.22 
Sap wood (%) 1091 33% 18% 0.22 0.10 
Heart wood (%) 1091 67% 9% 0.22 0.10 
      
E. dunnii      
Spiral angle (o) 179   0.999  
Interlocking (o)    0.31  
Wave length    0  

 
The proportion of heartwood (67%) is slightly higher than the average of 63% found by 
McGavin et al. (2006) for 9 year old blackbutt from 40 km north of Coffs Harbour.   
 
No regional differences were apparent for any of the grain traits or sap/heart wood 
proportions (Table 18). 
 
 
Table 18  Means and probability values for significance of differences for each region 

within E. pilularis for grain traits plus sap and heartwood 
 

Region 
Spiral 
angle 

Interlocking 
(o) 

Wave 
Length (o) 

Sap 
Wood (%) 

Heart 
wood (%) 

SE QLD 2.10 5.70 13.63 0.35 0.65 
NE NSW 2.06 5.78 15.34 0.34 0.66 
Upper MNC 2.14 5.14 15.17 0.33 0.67 
Lower MNC 2.09 4.81 14.84 0.33 0.67 
Central Coast 2.55 5.51 15.74 0.31 0.69 
Plantation 2.07 5.40 15.89 0.33 0.67 
Probability 0.846 0.116 0.478 0.205 0.205 
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Figure 22  Relationship for individual tree values (crosses, dashed line) and family 

means (circles) for total tangential shrinkage at 12% MC measured on 

blocks (%) and interlocking grain (degrees) 
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Figure 23  Relationship for individual tree values (crosses, dashed line) and family 

means (closed circles) for total radial shrinkage at 12% MC measured on 

blocks (%) and interlocking grain (degrees) 
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3.5   Chemical traits 
 

3.5.1  E. pilularis 

 
To create a good NIR model for prediction of wood chemistry requires both high quality 
wet chemical analysis and sufficient variation in the trait to allow for differences in the NIR 
spectra.  Full details of development of the calibration models are provided in Appendix B 
and a summary is given below.  The initial calibrations were developed using only the 
E. pilularis data and provided strong models for galactose (Table 19) and slightly weaker 
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models for cellulose, lignin, xylose and glucose.  The glucose calibration includes both 
cellulose and additional glucose from the hemicellulose.  The calibration model for 
hemicellulose was relatively poor with only 31% of the variability accounted for.  When 
these models were used for prediction, the results for the validation set were good for 
galactose (Table 19) but relatively poor for hemicellulose and lignin. 
 
In order to increase the range of variability in the data set, E. dunnii samples were included 
and a second set of calibration models developed (labelled Model 2 in Tables 19 and 20).  
With the exception of hemicellulose and galactose (for which the model was already good) 
including this additional data gave a marked increase in calibration statistics (Table 19 and 
Appendix B).  Neither model could provide adequate calibration statistics for hemicellulose 
so results for this trait should be regarded with caution. 
 
 
Table 19 Calibration statistics for NIR prediction models for E. pilularis.  Model 1 

below refers to a model containing only data for E. pilularis, Model 2 

contains data for both E. dunnii and E. pilularis (see Appendix B for 

details).  SEC = standard error of calibration, SEP = standard error of 

prediction. 
 
  Calibration set Validation set 
 Trait R2 SEC R2

p SEP 
Model 1 Cellulose 0.64 0.88 0.65 0.88 
 Lignin (Klason) 0.79 0.53 0.40 0.81 
 Xylose 0.77 0.36 0.59 0.41 
 Galactose 0.84 0.95 0.86 0.90 
 Glucose 0.75 0.94 0.56 1.35 
 Hemicellulose 0.31 1.85 0.21 2.51 
      
Model 2 Cellulose 0.82 0.82 0.63 0.92 
 Lignin (Klason) 0.91 0.45 0.45 0.88 
 Xylose 0.86 0.38 0.71 0.46 
 Galactose 0.80 0.97 0.82 1.13 
 Hemicellulose 0.32 1.95 0.22 2.16 

 
Both sets of models were applied to the NIR spectra and means and heritabilities calculated 
(Table 20).  Heritability values tended to improve when a better calibration model was 
applied.  For example, for cellulose and lignin, Model 2 had better calibration set statistics 
(Table 19) and resulted in higher heritabilities (Table 20). 
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Table 20 Average values for wood chemical traits (%) at 112 months for E. pilularis.  

CV equals the coefficients of variation, h
2
 the heritabilities and SE their 

standard errors. 

 
Trait n Mean CV% h

2
 SE 

Cellulose model 1 559 42.22 2% 0.45 0.20 
Cellulose model 2 559 42.19 2% 0.51 0.21 
      
Lignin model 1 559 28.36 3% 0.61 0.21 
Lignin model 2 559 28.28 3% 0.70 0.21 
      
Xylose model 1 559 11.04 5% 0.67 0.22 
Xylose model 2 559 11.00 5% 0.74 0.21 
            
Galactose model 1 559 9.20 22% 0.61 0.20 
Galactose model 2 559 9.31 20% 0.59 0.20 
            
Glucose 1 559 45.85 3% 0.71 0.21 
Glucose 2 559 46.15 3% 0.53 0.21 
            
Arabinose  559 1.73 3% 0.16 0.18 
      
Hemicellulose 559 23.74 4% 0.12 0.17 
      
Mannose  559 1.43 8% 0.27 0.19 

 
 
Several of the chemical traits had high heritabilities (>0.7): lignin (Model 2), xylose (Model 
2), glucose (Model 1).  Both models gave similar results for galactose with heritabilities 
around 0.60.  As expected from the relatively poor calibration statistics, the heritability for 
hemicellulose was low with a standard error greater than the heritability.  Arabinose and 
mannose also had lower heritabilities and no calibration statistics were provided for these 
traits. 
 
Significant regional effects (Table 21) were present for cellulose, lignin and xylose with the 
Queensland seedlots having slightly less cellulose than the NSW seedlots and the NE NSW 
seedlots having slightly less lignin and more xylose. 
 
 
Table 21 Means (%) and probability values for significance of differences for each 

region within E. pilularis for wood chemical traits 
 

Region 
Cellulose 
Model 2 

Lignin 
Model 2 

Xylose 
Model 2 

Galactose 
Model 1 

Glucose 
Model 1 

SE QLD 41.89 28.71 10.79 9.19 45.57 
NE NSW 42.74 27.77 11.26 8.91 46.30 
Upper MNC 42.13 28.29 10.92 9.48 45.85 
Lower MNC 42.27 28.32 10.96 9.14 45.76 
Central Coast 42.31 28.20 10.47 10.58 46.26 
Plantation 42.41 28.13 10.99 9.31 46.02 
Probability 0.007** <0.001** <0.001** 0.287 0.207 
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No strong relationships were apparent between the shrinkage and collapse traits and any of 
the wood chemical traits with strong calibration statistics and hence reliable predictions 
(Table 22).  Similarly, there were no relationships found between any of the wood chemical 
traits and tree diameter or disc basic density (Table 23).  The strongest correlations found 
with the chemical wood traits are for the standing tree and log acoustic velocity where the 
correlations for glucose and cellulose are around 0.40 or above.  However, these 
correlations do not indicate that acoustics would provide reliable prediction for these traits 
as a maximum of 20% of the variability would be accounted for. 
 
 
Table 22 Individual tree, family mean and genetic correlations of chemical traits (%) 

with total tangential (T) and radial (R) shrinkage of blocks and collapse 

(%) for individual trees, for family means and for means for only the NSW 

families for E. pilularis 
 

Trait 1 Trait 2 Indiv Family Genetic SE 
Block T shrinkage 12% Cellulose Model 2 -0.01 0.23 0.34 0.99 
Block T shrinkage 12% Lignin Model 2 -0.06 -0.21 -0.70 1.09 
Block T shrinkage 12% Xylose Model 2 0.10 0.31 0.68 0.70 
Block T shrinkage 12% Galactose Model 1 0.05 -0.17 0.37 0.97 
Block T shrinkage 12% Glucose Model 1 0.05 0.13 0.25 0.74 
      
Block R shrinkage 12% Cellulose Model 2 0.05 0.27 0.42 0.52 
Block R shrinkage 12% Lignin Model 2 -0.07 -0.25 -0.77 0.45 
Block R shrinkage 12% Xylose Model 2 0.5 0.27 0.47 0.40 
Block R shrinkage 12% Galactose Model 1 0 -0.15 0.17 0.44 
Block R shrinkage 12% Glucose Model 1 0.08 0.16 0.31 0.42 
      
T:R ratio Block Cellulose Model 2 0 -0.03   
T:R ratio Block Lignin Model 2 -0.03 0.03   
T:R ratio Block Xylose Model 2 0.09 -0.06   
T:R ratio Block Galactose Model 1 0 0.05   
T:R ratio Block Glucose Model 1 -0.02 -0.06   
      
Av collapse grade Cellulose Model 2 -0.13 -0.05 -0.12 0.25 
Av collapse grade Lignin Model 2 0.13 0.10 0.04 0.28 
Av collapse grade Xylose Model 2 0.08 0.17 0.20 0.25 
Av collapse grade Galactose Model 1 -0.02 -0.14 0.10 0.29 
Av collapse grade Glucose Model 1 -0.13 -0.11 -0.08 0.27 
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Table 23 Individual tree, family mean and genetic correlations of chemical traits (%) 

with tree diameter (DBH, cm), basic density (kg/m
3
), standing tree FAKOPP 

Vel
2
, [(km/s)

2
]) and log acoustic velocity (km/s) for individual trees, for family 

means and for means for only the NSW families for E. pilularis 
 

Trait 1 Trait 2 
Indivi
dual Family Genetic SE 

Cellulose Model 2 DBH -0.14 0.09   
Lignin Model 2 DBH 0.23 -0.14   
Xylose Model 2 DBH -0.03 0.02   
Galactose Model 1 DBH -0.18 0.08   
Glucose Model 1 DBH -0.16 0.07   
      
Cellulose Model 2 Disc basic density -0.05 -0.01 0.07 0.25 
Lignin Model 2 Disc basic density -0.06 -0.1 -0.18 0.22 
Xylose Model 2 Disc basic density -0.16 -0.16 -0.19 0.21 
Galactose Model 1 Disc basic density 0.12 0.15 0.13 0.23 
Glucose Model 1 Disc basic density 0.19 0.22 0.30 0.20 
      
Cellulose Model 2 FAKOPP vel2 0.37 0.23 0.49 0.18 
Lignin Model 2 FAKOPP vel2 -0.39 -0.21 -0.45 0.17 
Xylose Model 2 FAKOPP vel2 -0.22 -0.04 -0.11 0.19 
Galactose Model 1 FAKOPP vel2 0.14 0.05 0.20 0.20 
Glucose Model 1 FAKOPP vel2 0.46 0.25 0.42 0.16 
      
Cellulose Model 2 Log acoustic velocity 0.40 0.36 0.40 0.28 
Lignin Model 2 Log acoustic velocity -0.38 -0.35 -0.56 0.22 
Xylose Model 2 Log acoustic velocity -0.18 -0.02 -0.05 0.29 
Galactose Model 1 Log acoustic velocity 0.10 0.08 0.24 0.29 
Glucose Model 1 Log acoustic velocity 0.44 0.34 0.57 0.20 

 
 
3.5.2  E. dunnii 
 
Calibration statistics for the combined model (old and new data sets) are summarised below 
(Table 24) and full details of development of the calibration models are in Appendix B.  
The calibration statistics were similar to those for the E. pilularis data but the standard 
errors of calibration and prediction were slightly higher, probably due to the smaller data 
set available. Lignin had the strongest calibration with R2 of 0.81 and cellulose and glucose 
contents had weaker calibration statistics. Hemicellulose content was poorly correlated with 
NIR spectral features. When the calibration models were applied to the prediction set, the 
R2 ranged from 0.2 for hemicellulose to 0.7 for glucose content 
 
Table 24 Calibration statistics for NIR prediction models for E. dunnii.  SEC = 

standard error of calibration, SEP = standard error of prediction. 
 
 Calibration set Validation set 
Trait R2 SEC R2

p SEP 
Cellulose 0.67 1.36 0.59 1.37 
Lignin (Klason) 0.81 0.55 0.54 0.89 
Hemicellulose 0.48 1.62 0.21 1.51 
Glucose 0.75 1.18 0.70 0.96 
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Heritability estimates for all chemical traits have reasonably large standard errors (Table 
25), reflecting the small size of the data set available.  Arabinose, galactose and xylose all 
had high heritabilities (>0.85) but unfortunately no calibration statistics were provided for 
these traits so it is unclear how reliable the predicted values are.  The trait with the best 
calibration statistics was glucose but the heritability was relatively low and less than its 
standard error.  Cellulose and lignin both had adequate calibration statistics but differed in 
their heritability, with cellulose being more highly heritable.  The heritability for cellulose 
was similar to that found for E. pilularis (0.49 vs 0.51 for E. dunnii and E. pilularis model 
2).  Heritability for lignin (0.36) was approximately half of the value for E. pilularis (0.70 
for Model 2)  
 
 
Table 25 Average values for wood chemical traits (%) at 112 months for E. dunnii.  

CV equals the coefficients of variation, h
2
 the heritabilities and SE their 

standard errors 

 
Trait n Mean CV% h

2
 SE 

Cellulose  135 44.17 5% 0.49 0.46 
Lignin  135 25.02 4% 0.36 0.46 
Xylose 135 12.32 5% 0.86 0.45 
Galactose  135 9.12 28% 0.94 0.47 
Glucose 135 49.37 3% 0.23 0.42 
Arabinose 135 2.51 10% 1 - 
Hemicellulose 135 24.83 6% 0.61 0.47 
Mannose 135 1.06 30% 0.36 0.42 

 
 
In contrast to E. pilularis, some relationships were apparent between density traits and the 
wood chemical traits (Table 26) with lignin and glucose having individual tree correlations 
of 0.58 or above.  Lignin and cellulose also had correlations of around 0.48 with MOE of 
short clears.  FAKOPP velocity squared had strong correlations with cellulose, lignin and 
glucose contents. 
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Table 26 Individual tree, family mean and genetic correlations of chemical traits 

with tree diameter (DBH, cm), basic density (kg/m
3
), MOE of short clears 

(MPa), standing tree FAKOPP Vel
2
, [(km/s)

2
]) and total radial shrinkage 

(%) for individual trees, for family means and for means for only the NSW 

families for E. dunnii.  
 

Trait 1 Trait 2 Indiv Family Genetic SE 
Cellulose  DBH -0.01 -0.08   
Lignin  DBH 0.17 0.17   
Xylose  DBH 0.09 -0.05   
Galactose  DBH -0.08 0.03   
Glucose  DBH -0.15 -0.05   
      
Cellulose  Disc basic density 0.39 0.14 -0.11 1.38 
Lignin  Disc basic density -0.58 -0.29 0.99  
Xylose  Disc basic density -0.39 0.11   
Galactose  Disc basic density 0.45 0   
Glucose  Disc basic density 0.61 0.02 -0.99  
      
Cellulose  MOE short clear 0.49 0.16   
Lignin  MOE short clear -0.49 -0.02   
Xylose  MOE short clear -0.34 -0.14   
Galactose  MOE short clear 0.24 0.18   
Glucose  MOE short clear 0.48 0.23   
      
Cellulose  FAKOPP vel2 0.61 0.45   
Lignin  FAKOPP vel2 -0.64 -0.44 -0.36 1.01 
Xylose  FAKOPP vel2 -0.38 -0.21   
Galactose  FAKOPP vel2 0.24 -0.05 0.05 0.93 
Glucose  FAKOPP vel2 0.63 0.39 -0.99  
      
Cellulose  Radial shrinkage 0.23 0.24 0.69 0.57 
Lignin  Radial shrinkage -0.33 -0.11 -0.32 0.68 
Xylose  Radial shrinkage 0.06 -0.21 -0.68 0.43 
Galactose  Radial shrinkage 0.05 0.15 0.21 0.47 
Glucose  Radial shrinkage -0.08 0.13 0.98 0.74 
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4.   Discussion 
 

4.1  Wood properties 
 
Means for the fundamental physical and chemical wood properties from this study (Table 
27) indicate that the species appear to be very similar.  Both species have an average disc 
basic density between 500 and 515 kg/m3 and similar range in density (Figure 24).  
Standing tree MOE values are almost identical whilst the log MOE values (HITMAN) are 
lower for E. pilularis.  Chemically, E. pilularis has slightly higher average lignin content 
and lower cellulose and glucose contents than E. dunnii.  Both species have similar 
amounts of galactose and xylose.  However, it appears that the species differ in shrinkage 
and collapse (see Tables 1, 2 and 27).  Results from other studies conducted on the two 
species at a range of ages would support both the fact that the fundamental wood properties 
are the same but that the species differ in tangential and radial total shrinkage. Although 
this study used total shrinkage (which included collapse) our results are supported by those 
in Tables 1 and 2 where shrinkage both before & after recon is higher in E. dunnii.  This 
difference in shrinkage properties may partially account for the poor reputation of 
E. dunnii’s as a sawlog species.  It is also suspected that a lack of familiarity with sawing 
the species may be contributing to this poor reputation. 
 
However, clear differences are apparent between the species for NIR predicted pulp yield at 
kappa 18 with E. dunnii averaging 53.3% and E. pilularis averaging 49.0% (Muneri et al., 
2007; Forest NSW unpublished data).  This is supported by the chemistry data with 
E. dunnii have a glucose content of 49% vs 46% for E. pilularis and lignin being higher in 
E. pilularis. 
 

 

Figure 24  Density distribution for wood sample trees in E. pilularis and E. dunnii 
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Table 27  Trait means for each species 
 
Age Trait Unit E. pilularis E. dunnii 

5 years Disc basic density kg/m3  482 
     
6 years Disc basic density kg/m3 502@  
 MOE short clear MPa 13635@  
 MOR MPa 98.05@  
 Hardness kN 5.44@  
     
9 years DBH – sampled trees cm 20.6 22.8 
 Disc basic density kg/m3 504 514 
 FAKOPP Vel2 (km/s)2 13.1 13.2 
 HITMAN MOE (km/s)2 13.0 15.1 
 Machine stress grade from FEA study MPa 10952  
 MOE short clears GPa  16.5* 
 Board MOR from FEA study MPa 54.0  
 MOR short clears MPa  110.9 
 Radial shrinkage at 12% % 2.75 3.1 
 Tangential shrinkage at 12% % 8.7 11.7 
 T:R ratio  3.16 3.7 
 Cellulose % 42 44 
 Lignin % 28 25 
 Galactose % 9 9 
 Glucose % 46 49 
 Xylose % 11 12 
Other 9 year old data    
 MOE short clear GPa 10.4$  
     
29 years # Disc density kg/m3 621 611 
 MOE short clear - inner MPa 13311 12804 
 MOE short clear - middle MPa 20416 17015 
 MOE short clear - outer MPa 20042 19328 
 Radial shrinkage before reconditioning % 4.2 3.9 
 Radial shrinkage after reconditioning % 3.4 3.2 
 Tangential shrinkage before reconditioning % 10.8 12.5 
 Tangential shrinkage after reconditioning % 8.0 8.4 
 T:R ratio before reconditioning  2.57 3.2 
 T:R ratio after reconditioning  2.35 2.60 
34 years # Density - inner kg/m3 509 508 
 Density - middle kg/m3 602 594 
 Density - outer kg/m3 690 675 

@  Boyton et al. (2005) clonal data from clones selected on high density, volume and straightness 
#  Unpublished data from Forests NSW. 
* Henson et al. (2004) 
$ McGavin et al. (2006)  
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4.2  Genetic variation and heritability  
 
Significant genetic variation was found within both species for most of the wood properties 
examined.  Heritabilities ranged from low to high (Table 28) and sometimes the degree of 
genetic control differed between the species.  Many of the shrinkage traits did not appear to 
be heritable in E. pilularis.  Similarly, maximum collapse did not appear to be heritable in 
either species. 
 
Non-destructive measurements including core density, standing tree MOE and pilodyn 
penetration were all moderately to highly heritable in both species (Table 28).  Lignin and 
cellulose contents also had moderate to high heritabilities for both species along with some 
of the wood sugars.  Hemicellulose appeared to be highly heritable in E. dunnii and not 
heritable in E. pilularis but these results should be treated with caution due to the poor NIR 
calibration statistics for this trait. 
 
Table 28  Heritability values for each trait for each species  
 
Heritability E. pilularis E. dunnii 

Non-heritable  Block tangential shrinkage 12% MC Collapse 
(h2 smaller than its standard  Block radial shrinkage 12% MC  
error) T:R ratio  
 Maximum collapse  
 Spiral & interlocking grain  
 Hemicellulose  
 Arabinose  
   
Low <0.3 DBH & Height Disc basic density 
 Log MOE Glucose 
 Core radial shrinkage 12% MC  
 Mannose  
   
Moderate >0.31 and <0.6 Pilodyn penetration DBH & Height 
 Core basic density Pilodyn penetration 
 Core tangential shrinkage 12% MC Standing tree MOE 
 Collapse grade Disc basic density 
 Cellulose Core basic density 
  Radial shrinkage 
  Cellulose 
  Lignin 
  Mannose 
   
High >0.61 Standing tree MOE Log MOE 
 Disc basic density Spiral grain 
 Lignin Tangential shrinkage 
 Xylose Xylose 
 Galactose Galactose 
 Glucose Arabinose 
  Hemicellulose 
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4.3  Shrinkage results  
 

Cores 

When assessing shrinkage using cores, four tangential measurements per core proved to be 
sufficient to assess genetic variability in the trial.   However, distortion of the cores at the 
pith in the early stages of drying prevented subsequent radial measurements in many of the 
samples. One suggested improvement to the method would be to mark the cores at 40%, 
60% and 80% of the core length, or 40% and 80% to allow for radial shrinkage 
measurement. Radial shrinkage can be measured between these tangential marks and avoid 
issues with distortion of the pith.   
 
Another, minor improvement in the method would be to use single tangential marks rather 
than two marks either side of the core at each position. The two tangential marks were not 
always aligned, resulting in some uncertainty regarding where the previous measurement 
was taken. Some marks were unnecessarily wide, increasing the chance of the mark being 
positioned on the slope of a collapse ring, making measurement more difficult. A single 
tangential mark across the transverse section, as shown in Figure 25, would improve 
measurement accuracy and may lower the measurement error, improving heritability 
estimates.  
 
 
Figure 25 Position of the two tangential marks used to measure tangential width of 

increment cores (left) and recommended position of single mark (right) 
 
 

 
 
 
 

Blocks vs cores 

Using cores to assess shrinkage appears to have promise for assessment of radial and 
tangential shrinkage (at least at the family mean level) but not for T:R ratio.  Cores were able 
to explain 45% of family mean tangential shrinkage and 48% of family mean radial 
shrinkage.  Heritability for tangential shrinkage at 12% MC was also much higher for cores 
than for blocks (average of 0.38 vs 0.07 respectively) indicating cores could be efficient for 
use in breeding programs.  For radial shrinkage, the heritability was low but similar for cores 
and blocks (0.14 vs 0.19).  T:R ratio measured on blocks did not appear to be heritable. 
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Regional differences 

Shrinkage and collapse both showed regional differences, with a geographic trend from 
higher shrinkage and collapse in the northern most part of the distribution to lower levels in 
the south.  The reasons for this trend are unclear as no similar trend was found for any of 
the fundamental wood properties.  The Queensland seedlots were smaller in DBH and 
height but no significant regional effects were found for basic density, standing tree or log 
MOE or any of the grain traits.  Whilst there are significant regional differences for some of 
the chemistry traits, no obvious geographic trends are apparent.  The Queensland seedlots 
had slightly lower levels of cellulose and higher levels of lignin and the NE NSW seedlots 
had slightly lower galactose and higher Xylose.  At the other end of the distribution, the 
Central Coast seedlots which showed the least shrinkage and collapse did not appear to 
differ from the other NSW seedlots for most traits with the exception of a higher level of 
galactose. 
 

 
4.4  NIR calibrations 
 
If NIR analysis is to be widely used for routine assessment of wood chemistry the 
calibrations need to be applicable for a range of sites and preferably for a group of species 
(Poke et al., 2004; Schimleck et al., 2006).  Such high quality NIR calibrations will allow for 
direct comparison of results across sites and/or species.  Development of robust NIR 
calibrations is generally an iterative process, requiring evaluation and updating of 
calibrations across a number of data sets (Schimleck et al., 2006).  Generally, an initial 
calibration model is developed using one set of samples and then this calibration is applied 
to new samples from the same species possibly from a different site and the effectiveness 
of the calibration tested.  If new samples fall outside of the model space, the spectra, 
together with associated wet chemistry data, can be used to expand the calibration space 
(Poke et al., 2004). In this way broader global calibrations can be built up over time 
(Schimleck et al., 2006).  As further sites are included, the requirement for wet chemistry 
analysis is reduced as it is only required on a subset of samples to ensure that the 
predictions are correct.  The calibration can then be updated to include these new samples 
and thus become more robust.   
 
The results in this study represent the first step in this iterative process and indicate that 
good calibration models should be possible for many of the chemical traits, with the 
possible exception of hemicellulose.  The full test of the current calibrations will be when 
they are applied to data from a new site.  One way of improving either the existing or new 
calibrations is to classify and stratify the samples which are used for the wet chemistry 
analyses.  It is essential that a calibration represents the full scope of variation in the 
samples for the trait being analysed.  Once an initial calibration is obtained it may be used to 
predict the trait for the full set of samples and then samples at the extremes of the range 
identified.  By assessing these samples using wet chemistry, the model space is enlarged and 
most of the variation in the data set is then included.  A similar method can be used when 
adding in new samples, which can be screened using the existing calibration to identify 
which samples should be used for wet chemistry to expand the model space to include 
additional sites (Schimleck et al., 2006). 
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The improvements observed in the E. pilularis calibrations from adding in the E. dunnii data 
indicate there is potential for building global calibrations which would work across a number 
of species.  However, the problems encountered in the two sets of E. dunnii samples are 
interesting.  These samples originated from the same site at the same age.  One set of 
samples was air dried and processed immediately whilst the other set sat in the freezer for 2 
years before being air dried.   The problems encountered when applying the calibrations 
from the first set to the second set indicate that the samples were not in the same model 
space and thus that some changes in wood chemistry had occurred during the prolonged 
storage. 
 
 

4.5  Toolkit for wood quality evaluation 
 
For E. pilularis, the steep pith-to-bark gradient for basic density resulted in pilodyn 
penetration being a better predictor of average disc basic density than core basic density.  
An alternative non-destructive technique would be to measure density using 5 mm outer 
wood cores rather than bark-to-bark cores.  Basic density of the outer 1/3 of the disc could 
explain over 85% of the variation in whole disc density (Table 29), and this would only 
improve with age, indicating it would be a better predictor than either cores or pilodyn.  
FAKOPP is not a good predictor of density, explaining only 21% of disc density so it 
would no be possible to do a single assessment for stiffness and density.  FAKOPP was 
also not a good predictor of log stiffness (Figure 17).  A better insight on the value of 
FAKOPP and HITMAN for predicting stiffness will be obtained when the short clear 
MOE data is available. 
 
Tangential shrinkage of the cores to 12% MC appears to have promise for prediction of 
family mean block tangential shrinkage, maximum collapse and collapse grade.  This 
should improve if the new protocols for radial and tangential shrinkage assessment on cores 
are followed. 
 
It was hoped that stronger relationships would be found between the wood chemistry and 
key wood properties such as shrinkage and stiffness.  As this was not the case it would be 
advantageous to attempt to calibrate the NIR spectra directly with these traits.  This would 
not be expensive and would round off the study.  Multivariate data analysis will be pursued 
to determine if any more complex relationships can be defined. 
 

Suggested assessments are: 
• Density with pilodyn or 5 mm outer wood core 
• Tangential shrinkage on 12 mm cores using improved protocol 
• NIR predicted chemistry and pulp yield well 
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Table 29  How well do non-destructive measure predict desired traits?  

 

Non-destructive Desired trait 
Individual 
Trees R2 

Family 
Mean R2 

Genetic 
correlation SE 

E. pilularis      
Core basic density Disc density 0.21 0.22 0.92 0.14 
Pilodyn Disc density 0.42 0.37 -0.77 0.09 
Outer 1/3 density  Disc density 0.88 0.86 -0.83 0.08 
Standing tree MOE Log MOE 0.27 0.32 0.99  
Core T shrinkage Block T shrinkage 0.33 0.45 0.99  
Core R shrinkage Block R shrinkage 0.04 0.48 0.51 0.67 
Core T:R ratio Block T:R ratio 0 0.08   
Core basic density Collapse grade 0.01 0.01   
Core T shrinkage Collapse grade 0.15 0.23   
Core T shrinkage Collapse maximum 0.07 0.29   
Cellulose Block T shrinkage 0 0.05 0.34 0.99 
Lignin Block T shrinkage 0 0.04 -0.70 1.09 
Cellulose Block R shrinkage 0 0.07 0.42 0.82 
Lignin Block R shrinkage 0 0.06 -0.77 0.45 
      
E. dunnii

#
      

Standing tree MOE Clearwood MOE 0.65   0.96 
Log MOE Clearwood MOE 0.68   0.99 
Core T shrinkage Board T shrinkage 0.48   0.99 
Core T shrinkage Cupping in boards ~0    
Core basic density Cupping in boards ~0    

  #  Data from Henson et al. (2004) and Harwood et al. (2005).
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Appendix A   
 
Details of the E. pilularis and E. dunnii trials 
 
1) E. pilularis 

The E. pilularis progeny trial was at Hannam Vale, NSW, approximately 40 km south-west 
of Port Macquarie (latitude 31°40’S, longitude 152°33’E, elevation 150-170 m asl).  Mean 
annual rainfall at the site is 1500 mm and soils are deep yellow earths to yellow podzolics.  
The trial is one of three planted on the NSW north coast in 1997 and 1998 by Forests NSW 
as the first step in a genetic improvement program launched in 1994-95 (Henson and Smith, 
2007).  The progeny trials are designed for progeny testing and genetic parameter 
estimation (Johnson, 2002).  An early selection based on growth and form assessment at 
age 3 years led to the establishment of clonal seed orchards.  This study is part of the final 
selection based on wood quality which will further improve the seed orchards.  
 
The Hannam Vale trial is an alpha generalised lattice, row-column (18-row x 17-column) 
design (Williams et al., 2002) consisting of 6 replicates and 307 open-pollinated families 
(from known maternal parent but unknown pollen parent) established in 4-tree-row plots.  
Each replicate contained 308 plots (families) each represented by 4 individuals for a total 
24 individuals per family across the replicates and a total of over 7000 trees across the trial.  
The trees were grown from open-pollinated seed collected from candidate trees from 36 
provenances across the natural range of the species, from NSW central coast to South-east 
Queensland.  The provenances are described in Table A.1 and their location shown in 
Figure A.1.   
 
The trial was planted in March 1997 and was 9 years old at the time of assessment.  Wind 
damage in May 1997 (age 2 months) caused some butt sweep that persisted to age 9.  At 10 
months of age herbicide spray drift caused 6% mortality, with a further 10% of trees 
moderately to severely affected resulting in adverse branch and stem form.  Another 
windthrow event affected 150 trees at 3 years of age (Johnson, 2002).   
 
2) E.dunnii 

The E. dunnii progeny trial was at Boambee, NSW, (latitude 31°18’S, longitude 153°03’E, 
elevation 60 m asl), a low altitude coastal site south-west of Coffs Harbour.  The site is 
close to, but not within, the natural range of E. dunnii and at lower altitude.  Mean annual 
rainfall at the site is 1900 mm and soils are yellow podzolics.  The trial is one of two 
planted on the NSW north coast in 1995 by Forests NSW as the first step in a genetic 
improvement program for the species.     
 

The Boambee trial is a row-column design (Williams et al., 2002) consisting of 6 replicates 
and 219 open-pollinated families (from known maternal parent but unknown pollen parent) 
established in 4-tree-row plots.  The trees were grown from open-pollinated seed collected 
from candidate trees from 14 provenances across the natural range of the species in 
northern NSW and south-east Queensland.  The provenances are described in Table A.2 
and their location shown in Figure A.2.   
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Table A.1 Details of provenances included in E. pilularis progeny trial growing at 

Hannam Vale, NSW 

 
Provenance 

code Provenance name

Latitude       

(deg.min. S)

Longitude     

(deg.min. E)

Altitude    

(m)

1 Ballengarra SF, NSW 31.183 152.700 85

2 Beerburrum, QLD 26.570 152.520 40

3 Bellangry SF, NSW 31.300 152.567 436

4 Bulga SF, NSW 31.667 152.183 647

5 Burrawan SF, NSW 31.533 152.733 45

6 Cairncross SF, NSW 31.350 152.783 14

7 Clouds Creek SF, NSW 30.133 152.617 715

9 Conglomerate SF, NSW 30.117 153.050 280

10 Coopernook SF, NSW 31.800 152.617 66

11 Ellis SF, NSW 30.100 152.567 777

12 Gallangowan QLD 26.280 152.220 590

13 Goonengerry SF, NSW 28.583 153.417 324

14 Gundar SF, NSW 30.183 152.917 605

15 Johns River , NSW 31 45 152 44 20

16 Kerewong SF, NSW 31.617 152.567 299

17 Kiwarrak SF, NSW 32 01 152 31 14

18 Lansdowne SF, NSW 31.733 152.617 271

19 Lorne SF, NSW 31.567 152.650 233

20 Lower Bucca SF, NSW 30.167 153.067 143

21 Middle Brother SF, NSW 31.683 152.683 245

22 Mount Boss SF, NSW 31.250 152.467 536

23 Nana Creek SF, NSW 30.217 152.933 573

24 Newfoundland SF, NSW 29.933 153.100 81

25 Newry SF, NSW 30.533 152.950 34

26 Olney SF, NSW 33.100 151.367 320

27 Orara East SF, NSW 30.250 153.083 198

28 Orara West SF, NSW 30.217 152.933 431

29 Pine Creek SF, NSW 30.417 153.017 25

30 Queens Lake SF, NSW 31.567 152.800 46

31 Sheas Nob SF, NSW 30.067 152.600 685

32 Tamban SF, NSW 30.867 152.917 25

33 Tuckers Nob SF, NSW 30.433 152.883 75

34 Watagan SF, NSW 33.033 151.350 n/a

35 Way Way SF, NSW 30.817 152.900 89

36 Wedding Bells SF, NSW 30.067 153.167 134

37 Whian Whian SF, NSW 28.583 153.367 381
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Figure A.1  Location of provenances included in E. pilularis progeny trial growing at 

Hannam Vale, NSW 
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Table A.2 Details of provenances included in E. dunnii progeny trial growing at 

Boambee, NSW 
  

Code Seedlot Families Provenance 
Lat 

Deg 
Lat 

Min 
Long 

Deg 
Long 

Min 
Alt (m) 

1 16895 6 Spicers Peak SF, Qld 28 4 152 24 700 
2 17865 10 Spicers Gap, Qld 28 4 152 22 650 
3 17911 12 Spicers Peak SF, Qld 28 4 152 22 675 
4 17914 12 Teviot Falls SF, Qld 28 13 152 32 360 
5 17915 9 Koreelah SF, NSW 28 16 152 28 625 

6 18735 10 
Headgate Rd, Koreelah SF, 

NSW 
28 16 152 32 625 

7 18737 10 Koreelah SF, NSW 28 16 152 32 625 
8 18757 11 Koreelah SF, NSW 28 16 152 32 625 
9 17917 10 Koreelah SF, NSW 28 18 152 30 575 
10 18738 7 Bald Knob SF, NSW 28 18 152 30 660 
11 17920 13 Koreelah SF, NSW 28 24 152 20 690 
12 18756 10 Acacia Creek, Legume, NSW 28 24 152 20 675 
13 18736 11 Beaury SF, NSW 28 30 152 22 560 
14 17909 12 Yabbra SF, Urbenville, NSW 28 35 152 29 550 
15 18263 10 South Yabbra, NSW 28 35 152 29 580 
16 18739 12 Haystack East Section, NSW 28 36 152 30 550 
17 18264 12 Yabbra Plains Rd, NSW 28 37 152 29 500 
18 18734 7 Moleton, NSW 30 0 152 54 600 
19 17922 12 Moleton, NSW 30 5 152 54 420 
20 18740 12 Moleton, NSW 30 9 152 53 500 
21 18758 11 Moleton, NSW 30 9 152 53 500 
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Figure A.2  Location of provenances included in E. dunnii progeny trial growing at 

Boambee, NSW 
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Appendix B   
 
Details of the NIR calibrations for E. pilularis and E. dunnii  
 
1) E. pilularis samples 

The results of the calibration models for cellulose and lignin contents are presented in 
Figure B.1. Table B.1 summarises the calibration statistics and predictive power of 
calibration models for lignin, cellulose, hemicellulose, glucose, galactose and xylose. 
 
Figure B.1 Relationship between Lab measured and NIR predicted pulp and wood 

properties: A – cellulose content; B – lignin content. The blue points 

represent samples in the calibration set and the pink dots represent samples 

in validation set. 
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Table B.1 Summary of calibration statistics and predictive power of calibration 

models obtained for six different characteristics  

 

 
 
Galactose displayed the strongest calibration with an R2 of 0.84. The models for lignin, xylose, 
cellulose and glucose contents had weaker calibration statistics.  Hemicellulose content was poorly 
correlated with NIR spectral features. When the calibrations were applied to the prediction set, the 
R2 ranged from 0.21 for hemicellulose to 0.86 for galactose content (Table B.1). 
 
Calibration models for chemical composition – combined dataset with E. dunnii samples 

Calibrations were also developed including E. dunnii samples in the calibration data set in 
order to increase the range of variation in the measured properties.  The calibration set 
included all E. dunni samples from a previous project, plus 50% of E. pilularis samples.  
The model was validated using the remaining 50% of the E. pilularis samples.  As shown in 
Table B.2, with the exception of galactose, there were marked improvements in the 
correlations for all chemical properties; with R2 values greater than 0.78 achieved. 
 
However, when the models were validated using the remaining 50% of E. pilularis data set, 
the prediction statistics showed very similar results to those obtained when only E. pilularis 

samples were used in the calibration set.  In both cases, it was difficult to achieve strong 
correlations between hemicellulose and NIR spectral features. 
 

Table B.2 Summary of calibrations developed using combined dataset 
 

 
 
The calibration models developed using the combined data-set as well as from the dataset of 
individual E. pilularis species were applied to predict the cellulose and lignin on the remaining 
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583 E. pilularis samples.  Due to the weak calibrations for hemicellulose, it was no possible to 
predict hemicellulose levels.  Instead, calibrations for xylose, galactose and glucose was used. 
 
2) E. dunnii samples 

The calibration models for cellulose, lignin and hemicellulose are presented in Figures 
B.2a-d.  A summary of the calibration statistics and predictive power of the calibration 
models obtained for cellulose, lignin, hemicellulose and glucose is given in Table B.3. 
 
Figure B.2.  Relationship between Lab measured and NIR predicted pulp and wood 

properties: A – cellulose content; B – lignin content; C – hemicellulose content; D - 

glucose. The blue points represent samples in the calibration set and the pink dots 

represent samples in validation set. 

 

 
 
Lignin displayed the strongest calibration with an R2 of 0.81. The models for cellulose and 
glucose contents had weaker calibration statistics.  Hemicellulose content was poorly 
correlated with NIR spectral features.  When the calibration models were applied to the 
prediction set, the R2 ranged from 0.2 for hemicellulose to 0.7 for glucose content (Table B.3). 
 
Table B.3 Summary of calibration statistics and predictive power of calibration 

models obtained for four different characteristics 
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Calibration models for chemical composition – individual data set 

 

Calibration models were also developed for the original and new data set independently.  
Owing to the small number of samples in each data set (35), calibration models were 
developed using all the samples.  As shown in Table B.4, there was a marked improvement 
in the correlations obtained for cellulose, lignin and all monosaccharide characteristics 
when only samples from the original dataset were considered.  With the exception of 
glucose, R2 values were higher than 0.84.  This was not case when calibration models were 
developed using samples from the new dataset.  In this instance it was difficult to achieve 
strong correlations between the various chemical properties and NIR spectral features. 
 
 
Table B.4  Summary of calibrations developed using individual data sets 

 

 
 
The calibration models developed using samples from the original dataset were used to 
predict the corresponding chemical property of samples from the new dataset.  As seen 
from Table B.5, the predictions were very weak with high standard errors of prediction 
(SEP). 
 
Table B.5  Prediction of samples from the new dataset using models developed using 

the original dataset 

 

 
The calibration models developed using the combined dataset as well as with the original 
dataset were used to predict cellulose and lignin on the remaining 152 samples (47 from 
original and 105 from new dataset).  It was not possible to predict hemicellulose due to the 
weak calibration model developed.  It was however possible to predict glucose from the 
calibration model developed. 
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Disclaimer 
 
While every care has been taken in preparing this report Southern Cross University and 
Forest NSW accepts no responsibility for decisions or actions taken as a result of any data, 
information, statement or advice, expressed or implied, contained in this report. 
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