
 

 

Wood Quality of Durable Eucalypts 

A thesis 

submitted in partial fulfilment of 

the requirements for the degree of 

Doctor of Philosophy 

in Forestry 

by 

Ebenezer Adeyemi Iyiola 

School of Forestry, 

University of Canterbury 

 

 

2021 



ii 
 

 

 

 

Senior supervisor: 

Dr Clemens Altaner 

School of Forestry, University of Canterbury 

 

 

Co-supervisor: 

Dr Luis Apiolaza 

School of Forestry, University of Canterbury 

 

 

 

 

 

 

 

 

 

 



iii 
 

Table of Contents 

List of Figures ................................................................................................................................ vi 

List of Tables .................................................................................................................................. ix 

Acknowledgements ....................................................................................................................... xii 

List of Abbreviations.................................................................................................................... xiv 

Abstract ......................................................................................................................................... xv 

Chapter 1. Introduction ............................................................................................................... 1 

1.1 New Zealand Dryland Forests Initiative (NZDFI) breeding programme ......................... 1 

1.1.1 Eucalyptus plantations .............................................................................................. 3 

1.2 Wood structure .................................................................................................................. 4 

1.3 Growth stresses ................................................................................................................. 6 

1.3.1 Origin and distribution of growth stresses ................................................................ 6 

1.3.2 Variation of growth strain ......................................................................................... 8 

1.3.3 Methods of measuring growth strain ...................................................................... 10 

1.4 Natural durability of wood .............................................................................................. 15 

1.4.1 Methods of assessing durability in wood ................................................................ 15 

1.5 Collapse........................................................................................................................... 17 

1.5.1 Methods of assessing collapse in wood .................................................................. 19 

1.6 Other mechanical wood properties ................................................................................. 20 

1.6.1 Wood density........................................................................................................... 20 

1.6.2 Modulus of elasticity............................................................................................... 21 

1.7 Breeding .......................................................................................................................... 23 

1.7.1 Genetic parameters.................................................................................................. 24 

1.8 Objectives of this thesis .................................................................................................. 26 

Chapter 2. Accuracy of growth strain assessments and characterisation of wood properties of 2-

year old E. bosistoana ................................................................................................................... 27 

2.1 Introduction ..................................................................................................................... 27 

2.2 Materials and methods .................................................................................................... 28 

2.2.1 Trial ......................................................................................................................... 28 

2.2.2 Sample preparation for wood properties assessment .............................................. 28 

2.2.3 Growth-strain assessment ....................................................................................... 29 



iv 
 

2.2.4 Densities and volumetric shrinkage ........................................................................ 31 

2.2.5 Acoustic velocity and stiffness ............................................................................... 32 

2.2.6 Statistical analyses .................................................................................................. 33 

2.3 Results and discussion .................................................................................................... 36 

2.3.1 Stem effects and variation ....................................................................................... 36 

2.3.2 Accuracy of growth strain assessment .................................................................... 40 

2.3.3 Phenotypic and genotypic relationship between wood properties .......................... 42 

2.3.4 Genetic parameters of E. bosistoana at age 2 years ................................................ 46 

2.4 Conclusion ...................................................................................................................... 50 

Chapter 3. Genetic parameters of wood properties in 2-year old of Eucalyptus quadrangulata

 51 

3.1 Introduction ..................................................................................................................... 51 

3.2 Materials and methods .................................................................................................... 52 

3.2.1 Trial ......................................................................................................................... 52 

3.2.2 Sample preparation for wood properties assessment .............................................. 53 

3.2.3 Statistical analyses .................................................................................................. 53 

3.3 Results and discussion .................................................................................................... 54 

3.3.1 Phenotypic and genotypic correlations between wood properties .......................... 58 

3.3.2 Heritability and coefficient genotypic of variation ................................................. 64 

3.3.3 Genetic gain ............................................................................................................ 68 

3.4 Conclusion ...................................................................................................................... 74 

Chapter 4. Properties of Eucalyptus globoidea seedlings and coppice .................................... 75 

4.1 Introduction ..................................................................................................................... 75 

4.2 Materials and methods .................................................................................................... 77 

4.2.1 Trials ....................................................................................................................... 77 

4.2.2 Wood samples ......................................................................................................... 77 

4.2.3 Form assessment ..................................................................................................... 79 

4.2.4 Wood properties assessments .................................................................................. 79 

4.2.5 Checking assessment .............................................................................................. 79 

4.2.6 Statistical analyses .................................................................................................. 80 

4.3 Results and discussion .................................................................................................... 80 



v 
 

4.3.1 Site and stem type effects ....................................................................................... 80 

4.3.2 Phenotypic correlations ........................................................................................... 86 

4.3.3 Checking ................................................................................................................. 91 

4.4 Conclusion ...................................................................................................................... 96 

Chapter 5. Genetic variation in wood properties of mid-rotation age   Eucalyptus globoidea 97 

5.1 Introduction ..................................................................................................................... 97 

5.2 Materials and methods .................................................................................................... 99 

5.2.1 Trial ......................................................................................................................... 99 

5.2.2 Coring ..................................................................................................................... 99 

5.2.3 Heartwood quantity and quality ............................................................................ 100 

5.2.4 Tangential collapse ................................................................................................ 101 

5.2.5 Standing tree acoustic velocity ............................................................................. 102 

5.2.6 Statistical analyses ................................................................................................ 103 

5.3 Results and discussion .................................................................................................. 104 

5.3.1 Growth .................................................................................................................. 105 

5.3.2 Extractive content (EC)......................................................................................... 107 

5.3.3 Collapse................................................................................................................. 108 

5.3.4 Stiffness ..................................................................................................................110 

5.3.5 Heritability (h2) and coefficient of genetic variation (CGV) .................................112 

5.3.6 Phenotypic and genetic correlations between traits ...............................................117 

5.3.7 Genetic gain .......................................................................................................... 123 

5.4 Conclusion .................................................................................................................... 132 

Chapter 6. General conclusion and future research ................................................................ 134 

Appendix ..................................................................................................................................... 136 

References ................................................................................................................................... 139 

 

 

  



vi 
 

List of Figures 

Figure 1.1: Schematic diagram of cellulose microfibril orientation in the cell wall layers (Barnett 

& Bonham, 2004). Copyright (2004), with the permission of John Wiley and Sons. .................... 5 

Figure 1.2: Surface strain patterns measured in 30-year old E. regnans at 12 ft above the ground 

(Nicholson, 1971). Copyright (1971), with permission from Springer Verlag. ............................. 9 

Figure 1.3: Schematic diagram of longitudinal growth strain measurements in logs with the 

Nicholson technique (Yang et al. (2005). Copyright (2005), with permission from Taylor and 

Francis. .......................................................................................................................................... 11 

Figure 1.4: Schematic diagram of longitudinal growth strain measurements in logs with the 

CIRAD Forȇt method (Gril et al., 2017). ...................................................................................... 12 

Figure 1.5: Splitting samples into halves (top) and quarters (bottom) for growth strain assessment 

(top: Sharma et al. (2017). Copyright (2017), with permission from Springer Verlag. Bottom: 

Davies and Altaner (2018). ........................................................................................................... 14 

Figure 1.6: Variability in heartwood (stained red) diameter of 4-year-old E. bosistoana (Altaner, 

2017). ............................................................................................................................................ 16 

Figure 1.7: Variation of collapse in 8-year-old E. globoidea cores. ............................................. 19 

Figure 2.1: E. bosistoana trees felled at age 24-months for wood properties assessment. ........... 29 

Figure 2.2: Process of growth strain measurement: Top, debarked sample; Middle, cutting the 

sample into halves using band saw; Bottom, measuring the opening of the sample using vernier 

calipers (Davies, Guo, et al., 2017). .............................................................................................. 30 

Figure 2.3: Measuring acoustic velocity with the WoodSpec resonance tool. ............................. 32 

Figure 2.4: Ranking family breeding values of the ‘splitting’ and ‘quartering’ test. ................... 41 



vii 
 

Figure 3.1: E. quadrangulata at age 20-months during harvest. Standing stumps were subsequently 

cut close to the base and collected for wood property assessments. ............................................. 53 

Figure 3.2: Typical dried samples of 2-year-old E. quadrangulata showing no sign of collapse. 64 

Figure 3.3: Relationship between breeding values of diameter and growth strain for 83 E. 

quadrangulata families at age ~2-years with the below-average families for volumetric shrinkage 

highlighted in red. ......................................................................................................................... 71 

Figure 4.1: Taking samples from thinned 7-year-old E. globoidea tree at the Ngaumu site. ....... 78 

Figure 4.2: Examples of checking in discs cut from 8-year-old E. globoidea.............................. 93 

Figure 5.1: Coring an E. globoidea tree using a lightweight battery-powered 14 mm inner diameter 

corer. ........................................................................................................................................... 100 

Figure 5.2: Variation in collapse in full diameter stem cores of 8-year-old E. globoidea. ......... 102 

Figure 5.3: Between- and within-family variation in heartwood diameter of 8-year-old E. 

globoidea..................................................................................................................................... 107 

Figure 5.4: Within- and between-family variation in EC of 8-year-old E. globoidea. ............... 108 

Figure 5.5: Within- and between-family variation in heartwood collapse of 8-year-old E. 

globoidea..................................................................................................................................... 110 

Figure 5.6: Within- and between-family variation of standing tree acoustics of 8-year-old E. 

globoidea families at Atkinson. .................................................................................................. 112 

Figure 5.7: Relationship between family breeding values of heartwood diameter and EC for 141 

E. globoidea families at age ~8 years. Families performing above average are located in the orange 

outlined right corner of the quadrant. Families with superior (red) and inferior (blue) average 

performance for heartwood collapse are highlighted. ................................................................. 131 



viii 
 

Figure 5.8: Relationship between breeding values of core length and acoustic velocity for 141 E. 

globoidea families at age ~8 years with the families superior for tangential collapse highlighted in 

red. .............................................................................................................................................. 132 

 

  



ix 
 

List of Tables 

Table 1.1: Properties of timbers relevant in the New Zealand and NZDFI context. Data for 

Australian old-growth trees (Anonymous, 2013; AS5604, 2005; Bootle, 2005; Cookson et al., 

2009). .............................................................................................................................................. 2 

Table 1.2: Heritability estimates of growth stresses for commercial hardwoods. ........................ 10 

Table 2.1: Summary statistics of E. bosistoana wood properties at age 2-years and coefficient of 

phenotypic variation (CPV) with 1067 samples tested. ................................................................ 37 

Table 2.2: Accuracy of growth strain assessment with ‘splitting’ and ‘quartering’ test determined 

by direct response and correlated response to selection as well as the genetic change. ............... 40 

Table 2.3: Phenotypic correlation between traits for 2-year-old E. bosistoana with the 95% 

confidence interval (CI95%) in brackets (1067 samples tested). .................................................... 42 

Table 2.4: Genetic correlation between traits for 2-year-old E. bosistoana with the 95% confidence 

interval (CI95%) in brackets (1067 samples tested). ...................................................................... 43 

Table 2.5: Estimated narrow sense heritability (h2) with the 95% confidence interval in brackets 

and coefficient of genetic variation for 24-month-old E. bosistoana. .......................................... 47 

Table 3.1: Summary statistics of E. quadrangulata wood properties at age ~2-years; Coefficient 

of phenotypic variation (CPV) with 3984 samples tested. ........................................................... 55 

Table 3.2: Phenotypic correlations between the traits with the 95% confidence interval in brackets 

for 2-year-old E. quadrangulata (3984 samples tested). .............................................................. 59 

Table 3.3: Genetic correlations between the traits with the 95% confidence interval in brackets for 

2-year-old E. quadrangulata (3984 samples tested). .................................................................... 61 

Table 3.4: Estimated narrow sense heritability (h2) with the 95% confidence interval in brackets 

and coefficient of genetic variation of wood traits of 2-year-old E. quadrangulata. ................... 65 



x 
 

Table 3.5: Literature review of heritability (h2) values for diameter in different eucalypts. ........ 66 

Table 3.6: Genetic gains for individual traits of E. quadrangulata wood properties at age 20-

months when selected individually. Percentage change compared to the population mean in 

bracket. .......................................................................................................................................... 69 

Table 3.7: Family breeding values of selected traits with their selection criteria classified for being 

superior (0) and inferior (1) to the population average for 2-year-old E. quadrangulata. ........... 72 

Table 4.1: Form and straightness score for assessing the E. globoidea breeding population 

McConnochie (2020). ................................................................................................................... 79 

Table 4.2: Descriptive statistics of 2-year-old coppice, 7-year-old (Ngaumu) and 8-year-old 

(Atkinson) seedlings of E. globoidea; Coefficient of phenotypic variation (CPV). ..................... 81 

Table 4.3: Phenotypic correlation between traits for tops of 7-year-old E. globoidea trees at 

Ngaumu and tops of 8-year-old trees and 2-year-old coppice at Atkinson with the 95% confidence 

intervals in brackets (112, 117 and 114 samples tested). .............................................................. 87 

Table 4.4: Descriptive statistics of checking in 117 discs of 8-year-old E. globoidea from the 

Atkinson site and coefficient of phenotypic variation (CPV). ...................................................... 92 

Table 4.5: Phenotypic correlations of checking and other traits in 117 samples of 8-year-old E. 

globoidea....................................................................................................................................... 94 

Table 5.1: Descriptive statistics, heritability (h2) with the 95% confidence interval in brackets for 

E. globoidea wood properties at age 8 years; coefficient of phenotypic variation (CPV) and 

coefficient of genetic variation (CGV) with 2160 samples tested. ............................................. 105 

Table 5.2: Literature reports for heritability (h2) values of heartwood diameter in different tree 

species. ........................................................................................................................................ 113 

Table 5.3: Literature reports of heritability (h2) values for DBH in different species. ............... 114 



xi 
 

Table 5.4: Literature reports of heritability (h2) values for EC in different species. .................. 115 

Table 5.5: Literature reports of heritability (h2) values for collapse in different eucalypts. ....... 116 

Table 5.6: Phenotypic correlations between traits for 8-year-old E. globoidea (95% confidence 

interval in brackets) with 2160 samples tested. .......................................................................... 118 

Table 5.7: Genetic correlation between the traits for 8-year-old E. globoidea (95% confidence 

interval in brackets) with 2160 samples tested. .......................................................................... 119 

Table 5.8: Expected genetic gain for individual traits of 8-year-old E. globoidea breeding 

population when selecting for each trait individually with the percentage change compared to the 

population mean in brackets. ...................................................................................................... 123 

Table 5.9: Family breeding values for 8-year-old E. globoidea classified as being superior (0) and 

inferior (1) to the population average. ........................................................................................ 127 

 

  



xii 
 

Acknowledgements 

First, my sincere appreciation goes to my supervisors, Dr Clemens Altaner and Dr Luis Apiolaza 

for their infallible support throughout the course of this research. This success would not have 

been accomplished without their full support, supervision, motivation, guidance, advice, and 

uncountable items of academic feedback throughout the course of writing this thesis. The series of 

training and knowledge acquired from my senior supervisor will help me to grow my career as an 

academics in the future. 

I thank the University of Canterbury and School of Forestry for the scholarships awarded to 

complete this degree. 

I express my sincere gratitude to the technicians at the School of Forestry, Monika Sharma, Meike 

Holzenkeampfer and Gert Hendriks for their kind assistance and induction in using the equipment 

in the laboratory for processing my wood samples. Monika supported me by providing every bit 

of information on the NZDFI breeding trials and it is so much appreciated. 

I acknowledge the New Zealand Dryland Forest Initiatives (NZDFI) for giving me permission to 

work in their breeding trials and for their funding to complete this study. The immeasurable support 

of Paul Millen and Ruth Mcconochie during the field work of this PhD is appreciated. 

I also extend sincere appreciation to all School of Forestry staff for managerial arrangements. 

Special thanks to all my postgraduate colleague who have helped me during the course of my PhD 

programme. 

I appreciate the support of my home institution, Federal University of Technology Akure. Many 

thanks to the vice chancellor in the person of Prof. Joseph Adeola Fuwape for approving my study 

leave to commence my PhD programme and the financial support is also appreciated. My sincere 



xiii 
 

gratitude goes to my Masters advisor, Prof. Babatola Olufemi for his moral support during the 

course of my PhD programme. Many thanks to Prof. Ajayi and his wife for their innumerable calls 

and word of encouragements throughout my PhD journey. 

I appreciate every member of the Department of Forestry and Wood Technology for helping me 

fill my role in the Department during my stay in New Zealand. 

The moral support and guidance of Dr Akinnagbe from the University of Auckland, New Zealand, 

throughout my PhD programme is appreciated.  

I sincerely acknowledge the support of pastor Dr and Mrs. J.M. Owoyemi and every member of 

CAC Glory of God Akure Nigeria for their prayers and for standing by my wife and daughter 

during my study. I also extend my appreciation to the Riccarton Community Church, New Zealand, 

and the pastor and Mrs. Phil Stedman for their love and for checking the welfare of my family 

during our stay in New Zealand. Many thanks to Jenny Stevenson, Naomi Harrison, Tony 

Whinwray for their support, unexpected gift, and surprise visits to my family.  

My sincere gratitude goes to my parents, Mr. and Mrs. Iyiola, for providing me with a solid 

educational background, and their full support from my undergraduate to PhD level is appreciated. 

I thank my siblings and their families for their motivational support during my study. 

I am grateful to my wife, Abosede Iyiola, and children Eunice Iyiola and Jenny Iyiola for their 

unfailing love, patience, and moral support to help me complete this project.  

I acknowledge everyone that has enormously contributed to the success of my PhD programme. 

Lastly, I give God almighty all the glory for His grace to achieve this great academic career. 



xiv 
 

List of Abbreviations 

ANOVA: Analysis of variance 

CPV: Coefficient of phenotypic variation    

CGV: Coefficient of genetic variation    

CI95%: Confidence interval       

DBH: Diameter at breast height     

EC: Extractive content 

FSP: Fibre saturation point           

MoE: Modulus of elasticity      

MFA: Microfibril angle   

PLSR: Partial least squares regression    

VS: Volumetric shrinkage 

S: Secondary cell wall 

S1: Outer layer of the secondary wall 

S2: Middle layer of the secondary wall 

S3: Inner layer of the secondary wall 

 

      

 

 

 

 

  



xv 
 

Abstract 

Eucalypts are used globally on a larger scale for pulpwood than for sawn timber. They are known 

for high growth stresses which have limited its value and productivity as sawn timber. Previous 

studies have addressed the growth stress problem in some species but not at a large scale, as they 

are time consuming and costly to measure. The demand for durable wood is increasing, both in 

domestic and international markets, and there is a need to grow durable wood for heavy structural 

applications such as post and poles. Some eucalypts produce naturally durable heartwood. 

This thesis focused on the assessment of early screening of three eucalyptus species for properties 

such as growth, growth strain, checking/collapse, heartwood diameter, extractive content, 

volumetric shrinkage, acoustic velocity and stiffness. Chapter 1 gives an overview of growth 

strain, different methods of assessing durability, collapse in wood, acoustic velocity assessment 

methods, and genetic parameters in a breeding programme.  

Chapter 2 investigates the accuracy of growth strain assessments using the ‘splitting’ and 

‘quartering’ test method as well as other characteristic properties (acoustic velocity, diameter, air-

dry density, dynamic MoE and volumetric shrinkage) of 22 families of E. bosistoana at age 2 years 

old.  

Positive phenotypic and genetic correlations (rp = 0.78, rg = 0.96) were found between the 

‘quartering’ and the ‘splitting’ test. In light of the high genetic correlation, there is no need to 

consider the more time consuming ‘quartering’ test for assessing growth strain as the genetic 

change was insignificant. 

Relevant properties revealed promising genetic control (h2 = 0.63 for diameter, h2 = 0.16 to 0.33 

for growth strain, and h2 = 0.83 for volumetric shrinkage). Significant variability was also 

observed for diameter (CGV = 23%), growth strain (CGV = 15 to 23%) and volumetric shrinkage 
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(CGV = 18%) indicating that wood quality improvement through genetic selection is feasible. 

There was a non-significant favourable negative correlation between dynamic MoE and growth 

strain (rg = −0.22), and a significant favourable correlation between the volumetric shrinkage and 

growth strain (rg = 0.34) was reported.  

Chapter 3 describes the genetic parameters of wood properties in 83 families of 2-year-old E. 

quadrangulata with the following traits measured: diameter, growth strain, acoustic velocity, 

dynamic MoE, air-dry density and volumetric shrinkage. The growth strain was assessed in the 

stem using the ‘splitting’ test method in the green state by sawing along the length via the pith to 

measure the distortion and the large end diameter. The growth strain varied from 458 to 4742 µɛ 

with average strain of 1784 µɛ and a coefficient of phenotypic variation (CPV) of 26%, while 

volumetric shrinkage ranged from 17.1% to 36.1% with an average of 19.0% and a CPV of 21%. 

The traits revealed narrow sense heritability estimates that varied from 0.20 to 0.92 with substantial 

genetic gain. Phenotypic and genetic variability ranging from 5% to 26% and from 4% to 20% 

was observed for all the wood properties, respectively. 

Wood properties, namely diameter, growth strain, checking, acoustic velocity, dynamic MoE, 

volumetric shrinkage and air-dry density of 2-, 7- and 8-year-old E. globoidea grown from seed or 

as coppice at two sites in New Zealand were assessed in Chapter 4. Noticeable levels of growth 

strain (means 2406 µɛ to 3084 µɛ) were present. Therefore, growth strain should be considered in 

a breeding programme for this species. 

Growth strain, volumetric shrinkage and air-dry density were higher in the coppice than at the top 

of seed-grown trees. As the effects of coppice and stem height were confounded in this study 

further work is needed to confirm if trees from coppice suffer from higher growth strain.  
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Checking was observed in discs, indicating challenges for drying E. globoidea timber. Heartwood 

was more prone to checking (4.01%) than sapwood (2.14%). Checking was significant and 

negatively correlated with growth strain (rp = −0.19) but showed significant positive correlation 

with growth (rp = 0.22) suggesting that bigger trees are more likely to have a checking problem.  

Substantial variability was revealed for growth strain (CPV = 19% to 24%) and checking 

(CPV = 83% to 102%), the traits most likely causing wood quality issues for E. globoidea, 

suggesting possibilities of improvement in a breeding programme if the trait is heritable. 

Chapter 5 describes genetic variation in wood properties of mid-rotation age of 141 families of E. 

globoidea by assessing the following traits: heartwood diameter, core length, combined sapwood 

diameter, heartwood collapse, sapwood collapse, standing tree acoustic velocity and extractive 

content in the heartwood. Heartwood diameter ranged from 0 to 190 mm with heritability (h2) of 

0.51. Predicted extractive content ranged from −4.4% to 31.7% and had a value for h2 of 1.16. 

Collapse was higher in the heartwood than in the sapwood and heartwood collapse revealed genetic 

control of h2 = 0.30) while lower heritability was found for sapwood collapse (h2 = 0.12). 

Heritability for acoustic velocity was h2 = 0.36. There was significant positive genetic correlation 

between the heartwood diameter and the core length (rg = 0.88), that is, large trees also having the 

most heartwood. However, a significant negative correlation was revealed between the heartwood 

diameter and extractive content (rg = −0.45), indicating that a compromise is required for 

simultaneous genetic selection to be feasible. Genetic gain, especially for heartwood diameter, 

growth and extractives, can be realised in this species. However, improving acoustic velocity for 

this species might be challenging, as low genetic variation (CGV = 6%) was observed. 
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Chapter 1. Introduction  

 

1.1  New Zealand Dryland Forests Initiative (NZDFI) breeding programme 

The NZDFI is focusing on establishing a sustainable plantation resource of naturally durable 

eucalyptus timbers (Millen et al., 2018). They have selected five eucalyptus species for their 

breeding programme, which commenced in 2008 and these species are grown in a series of NZDFI 

breeding trials. Apart from the three core species Eucalyptus bosistoana, E. quadrangulata and E. 

globoidea, two secondary species, namely E. argophloia and E. tricarpa, were included in the 

breeding programme in 2011 (van Ballekom & Millen, 2017). The wood properties of old-growth 

material of the species and, for comparison, that of commonly planted timber species in New 

Zealand are shown in Table 1.1 (AS5604, 2005; Bootle, 2005). The established breeding trials for 

these species allow determination of genetic parameters in a breeding context before future 

commercial plantation establishment (Millen et al., 2009). No commercial plantation resource is 

available for these species and very limited research has been reported (Apiolaza, McConnochie, 

et al., 2011).  

The NZDFI has established a breeding programme with ~180 E. bosistoana, ~100 E. 

quadrangulata and ~150 E. globoidea families to evaluate important properties, namely, growth, 

form and health, but also wood properties such as growth strain, heartwood diameter, natural 

durability and collapse, to produce ground-durable and stiff eucalyptus wood for laminated veneer 

lumber (LVL), post for agricultural industries and other solid wood products (Millen et al., 2018).



 

Table 1.1: Properties of timbers relevant in the New Zealand and NZDFI context. Data for Australian old-growth trees (Anonymous, 

2013; AS5604, 2005; Bootle, 2005; Cookson et al., 2009). 

Species MoE (GPa) Air-dry 

density 

(kg/m3) 

In-ground 

life 

expectancy 

(years) 

Above-

ground life 

expectancy 

(years) 

Lyctid 

susceptibility of 

sapwood 

Termite 

resistance 

Life expectancy in 

southern water 

(years) 

Colour 

E. nitens 13 700 0–5 No data 

available 

Susceptible Not resistant 0–20 Pink or 

yellow tints 

E. bosistoana 21 1100 >25 >40 Susceptible Resistant 21–40 Pinkish pale 

brown 

E. argophloia 14 (age 13) 1055 >25 >40 Susceptible Not resistant No data available Orange-

brown to 

deep red-

brown 

E. tricarpa/ 

sideroxylon 

17 1130 >25 >40 Susceptible Resistant 41–60 Dark red to 

pale yellow 

E. quadrangulata 18 1030 15–25 15 – 40 Not susceptible Resistant No data available Pale yellow 

E. globoidea 17 880 15–25 >40 Not susceptible No data 

available 

21–40 Pinkish pale 

brown 

P. radiata 9 480 0–5 No data 

available 

Not susceptible Not resistant 0–20 Pale yellow-

brown 
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1.1.1 Eucalyptus plantations 

With over 13 million hectares in 2002, eucalyptus is the most widely distributed hardwood 

genus established in plantations globally (Donnelly et al., 2003). Generally, it is a fast growing 

species, adapted to various edaphic and climatic conditions and useful for many industrial 

applications (Santos et al., 2004). Eucalypts were first established in the late 19th century at a 

large scale for pulpwood plantations in different parts of the world including Brazil, South 

Africa, India and Spain. Later, in the 1960s, the eucalyptus plantation area expanded 

substantially in subtropical and tropical regions including Sri Lanka, Thailand, Chile and 

Australia (Bandara, 2006; Donnelly et al., 2003).  

In New Zealand, eucalyptus plantations accounted for 53,854 hectares (3%) in 2001 (Donnelly 

et al., 2003) and decreased to 21,777 hectares in 2019 (MPI, 2019), contributing only 1% to 

timber production. The decline in eucalyptus forest area might have been due to the market 

demand for wood production (Apiolaza, Mason, et al., 2011; MPI, 2019). The primary 

eucalyptus species in New Zealand were E. nitens and to a much smaller extent E. regnans and 

E. fastigata, with E. nitens being used for chip export to Japan from Southland (Donnelly et 

al., 2003). Radiata pine dominates plantation forestry in New Zealand, with 90% of the 

production area (MPI, 2019).  

There are roughly 700 species and subspecies within the Eucalyptus genus, which is mainly 

native to Australia (Poke et al., 2005). But only about ten species have been planted extensively 

outside Australia. Eucalypts have been used for solid wood production in their natural range 

for 200 years (Bandara, 2006), but in a plantation context they are principally used for 

pulpwood (Kube & Raymond, 2005). Eucalypts are also planted for fuelwood and charcoal 

production but the markets are smaller (Donnelly et al., 2003).   
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In Australia the so-called ‘ash’ group of eucalypts, mainly E. delegatensis, E. obliqua and E. 

regnans, provide most of the industrial timber (Hillis & Brown, 1978). However, some other 

eucalyptus species also produce wood that has many desirable properties for solid wood 

production, such as high strength and stiffness, attractive texture and colour, as well as being 

naturally durable (Bootle, 2005). The timber of these eucalyptus species has been sourced from 

old-growth Australian native forests. Supply from the Australian native forest is decreasing 

and consequently increasing the demand for timber from tropical forests for furniture and other 

appearance products (Ozarska, 1997). Apart from a historically ready supply of these timbers 

from native forests, an additional reason that such species were not established in industrial 

scale plantations for solid timber production are their high levels of growth stresses. These 

growth stresses causes splitting and warping when the younger plantation trees are converted 

to sawn timber (Yang & Waugh, 2001). This limits the opportunity and value of the timber 

(Chauhan, 2004).   

Growth stresses is also a major factor hindering eucalypts for veneers and LVL. These growth 

stresses are released during felling and veneer peeling and hence lower veneer quality and yield 

(Guo & Altaner, 2018). For high stiffness veneers and LVL, growth stresses will be crucial, as 

the products will be used in a physical appearance environment. Nevertheless, for ground-

durable agricultural posts, trees with growth stresses are not of primary concern as the product 

will be used for fence or as boundary demarcation.  

1.2 Wood structure 

Hardwood, the xylem of angiosperms like eucalypts, comprises fibres and vessels, as well as 

tracheids, epithelial and parenchyma cells. The parenchyma cells are responsible for food 

storage and transport of biochemicals and are involved in heartwood formation. The vessels 

are responsible for water conduction and the fibres give mechanical support. Tracheids help in 
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water transportation and give mechanical support, and epithelial cells form gum ducts 

(Kollmann & Côté, 1968; Wiedenhoeft, 2010).  

The cell wall thickness and cell diameters (i.e. lumen space) vary significantly between and 

within the cell types. The basic or dry density of wood is determined by its cellular anatomy, 

as the density of the cell wall is essentially constant (Walker, 2006). 

Wood cell walls typically consist of a thin compound middle lamella (CML), which also holds 

the primary walls, and the secondary cell walls (S) (Walker, 2006). The secondary wall 

typically has three layers; S1 (outer), S2 (middle) and S3 (inner). The S2 layer is the thickest 

layer and dominates in the physical properties of the cell wall and consequently of the wood 

(Donaldson, 2008; Donaldson & Xu, 2005). The secondary cell wall layers primarily differ in 

the orientation of the cellulose fibrils along the cell axis (Figure 1.1) (Barnett & Bonham, 

2004).  

 

Figure 1.1: Schematic diagram of cellulose microfibril orientation in the cell wall layers 

(Barnett & Bonham, 2004). Copyright (2004), with the permission of John Wiley and Sons. 
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The microfibril angle (MFA) is the angle between the cellulose microfibril orientations as they 

curl around the cell and the long axis of the fibre (Barnett & Bonham, 2004). The MFA in the 

S2 layer of the cell wall is one of the factors determining the level and type of growth stresses 

(either tensile or compressive) in the wood. The MFA is higher in compression wood (typically 

30° to 40°) than in normal wood, with angles ranging from 10° to 20°, and is low in tension 

wood with angles less than 5°. High tensile stress is not only associated with small MFA but 

also low lignin and high cellulose content (Alméras & Clair, 2016).  

MFA, particularly of the S2 layer, also influences the stiffness of wood (Cave & Walker, 1994; 

Donaldson, 2008), which increases with decreasing MFA (Tsehaye et al., 1998). 

Further, shrinkage and shrinkage anisotropy in wood is also controlled by the MFA 

(Donaldson, 2008). The water in the cell wall is located in the cell wall matrix between the 

oriented cellulose fibrils. As the water is removed below fibre saturation point the cellulose 

fibrils move closer to each other, resulting in shrinkage perpendicular to the microfibrils 

(Barber & Meylan, 1964).  

1.3 Growth stresses 

1.3.1 Origin and distribution of growth stresses 

Growth stresses are internal stresses found in tree stems (Kubler, 1987, 1988). Growth stresses 

arise from forces generated during the development of new xylem cells, in particular during 

secondary cell wall formation (Jacobs, 1938; Yamamoto, 1992). The molecular mechanism by 

which growth stresses are generated was hypothesized to be ‘cell wall lignification’ or the 

‘maturation of cellulose fibrils’ (Alméras & Clair, 2016). Swelling of the cell wall 

perpendicular to the cellulose fibrils could be a result of lignin polymerization (Boyd, 1972; 

Munch, 1938). Such swelling of the cell wall will result in axial elongation or shortening of the 

cells, depending on the orientation of the cellulose fibrils (Boyd, 1973). Alternatively, 
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crystallisation of cellulose was speculated to cause axial contraction of the microfibrils 

(Bamber, 2001), again resulting in axial contraction of the cell, if the fibrils are aligned with 

the cell axis. Irrespective of the mechanism, dimensional changes of the cells in longitudinal 

and lateral directions are constrained by already-lignified older cells. This, in turn, gives rise 

to axial and lateral growth stresses in the stem (Yang & Waugh, 2001), with the MFA 

determining the type, either tensile or compressive, of growth stresses in the newly formed 

cells.  

The stress, that is the force per unit area (Equation 1.1), in the wood is released when it is cut, 

resulting in strain, the ratio of dimensional change to original length (Equation 1.2). It is 

impossible to measure growth stresses directly, but they can be deduced from the product of 

the measured strain and the modulus of elasticity (MoE), a measure of the material stiffness 

within the proportional limit (Equation 1.3). The MoE can be determined independently. 

 

𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎
   Equation 1.1  

 

𝑆𝑡𝑟𝑎𝑖𝑛 =  
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
  Equation 1.2 

 

MoE  = 
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
    Equation 1.3 

 

As wood cells at the outer part of stems are typically in axial tension, the inner part of the stem 

is in axial compression. Releasing the stress during sawing along the grain will result in the 

wood distorting away from the cut, causing sawing inaccuracy and lower timber yields (Kubler, 

1987; Page, 1984; Yang & Waugh, 2001). Growth stresses occur in all species but are more 

pronounced in hardwoods, facilitated by the lower MFA in hardwoods than in softwoods 

(Alméras & Clair, 2016).  
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Trees can reorient their stem and branches by creating asymmetric mechanical stresses around 

the circumference, which can change over time due to the constant formation of new wood on 

the stem periphery (Kubler, 1988). High asymmetric growth stresses are often associated with 

tension wood, and a response of angiosperm trees to external forces (Gardiner et al., 2014). 

However, tension wood is also randomly distributed in young vertical and dominant trees, 

being more frequent in the lower portion of the tree stem (Washusen et al., 2002; Washusen & 

Ilic, 2001). 

Tension wood is characterised by a reduction in frequency and size of vessels as well as an 

increase in fibre proportions (Côté et al., 1969). The structure of the fibres in tension wood 

differs from normal wood and is characterised by a thick secondary cell wall layer and a higher 

proportion of cellulose than in normal wood  (Ramage et al., 2017; Wardrop & Dadswell, 

1955).  

Tension wood has high longitudinal shrinkage which is often associated with irreversible 

collapse and is therefore regarded as a wood defect (Wardrop & Dadswell, 1955; Washusen & 

Ilic, 2001).  

1.3.2 Variation of growth strain  

There is high variability in stress levels within and between trees (Biechele et al., 2009; Muneri 

et al., 1999; Nicholson, 1973). Within a stem, the degree of growth stresses varies around the 

circumference of the tree (Nicholson, 1971; Raymond et al., 2004). Examples of 

circumferential variation of longitudinal growth strain in E. regnans are shown in Figure 1.2 

(Nicholson, 1971). As a consequence, growth strain measurement at one point may not be a 

true representation of the average value in the tree. The surface strain pattern needs to be 

sampled around the circumference of a sample/log in order to get a reliable mean value.  
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Further, growth stresses vary with stem height (Chafe, 1981). Growth stresses have been 

reported to vary along the stem of E. regnans (Nicholson, 1973), E. nitens (Biechele et al., 

2009) and E. globulus stems (Raymond et al., 2004). The pattern is, however, unclear. 

Longitudinal growth strain increased with height and reached a maximum peak at 7.5 m in 39-

year-old E. regnans (Chafe, 1981), while a decline in growth stress up to 6.1 m in height was 

observed in 10-year-old E. globulus (Yang et al., 2001).  

 

 

Figure 1.2: Surface strain patterns measured in 30-year old E. regnans at 12 ft above the 

ground (Nicholson, 1971). Copyright (1971), with permission from Springer Verlag. 

 

The effects of site and silviculture on growth strain are also unclear. While Valencia et al. 

(2011) suggested that growth strain in E. nitens sawlogs was affected by silvicultural activities 

(thinning and pruning), tree diameter and wind direction, Malan (1988) reported growth 
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characteristics including crown closure and environmental factors as having no effect on the 

level of growth stress in E. grandis. The authors of the latter study concluded that silvicultural 

activities could not be used as an effective tool to reduce growth stress in E. grandis. Other 

studies showed more pronounced growth stresses in taller slender trees (Aggarwal & Chauhan, 

2013; Muneri et al., 1999; Murphy et al., 2005).  

Growth stresses have been reported to be heritable as shown in Table 1.2. The reported 

heritabilities varied between 0.02 and 0.80 for the studied species. For example, Murphy et al. 

(2005) evaluated growth stress in 9-year-old E. dunnii and found it to be heritable (h2 = 0.30  

 

Table 1.2: Heritability estimates of growth stresses for commercial hardwoods. 

Species Heritability Age (years) Reference 

E. dunnii 0.30 to 0.50     9 Murphy et al. (2005) 

E. dunnii 0.52     9 Henson et al. (2004) 

E. urophylla 0.80  Schacht et al. (1998) 

E. bosistoana 0.44    2 Davies et al. (2015) 

0.63    2 Davies, Apiolaza, et al. (2017) 

0.20    2 Altaner (2019) 

0.23    2 Davies and Altaner (2017) 

E. tricarpa 0.32    2 Nguyen (2019) 

Tectona grandis 0.02    4 Naranjo et al. (2012) 

 

to 0.50). Therefore, one way to grow logs with lower growth stresses is to include this trait in 

a breeding programme (Aggarwal & Chauhan, 2013). 

1.3.3 Methods of measuring growth strain 

Different methods of measuring growth strain on standing trees have been reviewed (Yang et 

al., 2005; Yang & Waugh, 2001). Generally, these methods damage trees by removing the bark 

and are not suitable for small trees. The operations are time-consuming and costly and therefore 
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of limited use in breeding programmes dealing with a large number of trees. Consequently, the 

‘splitting’ test, a quicker measurement of growth strain for screening young trees, has been 

developed (Chauhan & Entwistle, 2010; Entwistle et al., 2016). 

1.3.3.1 Nicholson technique 

Three steel studs are glued to the debarked log at 50 mm equidistance and aligned parallel to 

the grain (Figure 1.3). The distance between the studs is measured before and after removing a 

10 mm (radial) × 19 mm (tangential) × 90 mm (axial) stem section. The wood segment will 

change its length due to the release of the growth stress. The released strain is the difference of 

the distance between the metal pins before and after removal of the section. Nicholson (1971) 

suggested in his study that a standard method of measuring longitudinal growth strain should 

be used in order to allow comparisons between studies.  

 

Figure 1.3: Schematic diagram of longitudinal growth strain measurements in logs with the 

Nicholson technique (Yang et al. (2005). Copyright (2005), with permission from Taylor and 

Francis. 
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1.3.3.2 CIRAD Forȇt method 

Based on the Nicholson method, Baillères et al. (1994) developed the CIRAD Forȇt method 

(Figure 1.4). After removing the bark to expose the cambium, two pins are inserted in 

longitudinal alignment into the stem using a template. Then a dial gauge is attached to a frame 

and a hole of 20 mm in diameter is manually drilled into the wood to a depth of 30 mm or until 

the gauge reading stabilizes. The two pins pull apart when the tension in wood is released. This 

method is not suitable for small trees because it causes damages to the cambium. 

 

Figure 1.4: Schematic diagram of longitudinal growth strain measurements in logs with the 

CIRAD Forȇt method (Gril et al., 2017). 

 

1.3.3.3 Strain gauge method 

Yoshida and Okuyama (2002) measured growth strains in trees with strain gauges, which were 

glued to the stem after the phloem and immature xylem had been removed. The strains were 

released by drilling a hole or making a groove with a chisel or saw 1–2 cm deep at the ends of 
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the strain gauges. This method was applied to measure longitudinal and tangential growth strain 

on standing trees, using two strain gauges arranged perpendicular to each other (Yamamoto, 

2005). Several measurements are needed per tree for achieving accurate measurements. The 

method is expensive due to the cost of strain gauges and the time needed to connect the strain 

gauges to the stem.  

1.3.3.4 Rapid splitting test 

The ‘rapid splitting’ test was developed for measuring growth strain at a young age in tree 

breeding programmes (Davies, Apiolaza, et al., 2017). The sample is cut lengthwise through 

the pith, with one end of the samples left intact to avoid the necessity of clamping the two 

halves together (Figure 1.5). The halves are pulled apart by longitudinal growth strain. Chauhan 

and Entwistle (2010) measured surface growth strain with strain gauges and by splitting the 

log along its axis in 63 E. nitens trees and reported a good correlation between the mean growth 

strain and the normalised opening after sawing. 

Though it is a destructive method, the ‘splitting’ test can be carried out on young trees with a 

stem larger than ~20 mm in diameter. It is quick (~1 minute per sample) and cost-efficient, 

enabling the early screening of breeding populations.  

The ‘rapid splitting’ test has been used to assess the growth strain for E. bosistoana in a 

breeding context (Davies, Apiolaza, et al., 2017). However, due to the asymmetric nature of 

growth strain around a stem (Figure 1.2), the result of this assessment is dependent on the 

orientation of the cut. Therefore, the measured value will not necessarily be a good estimate of 

the average growth strain in a stem. It can be applied at the family level but not for individual 

trees. This led to the development of the ‘quartering’ test (Davies, 2019). 

The ‘quartering’ test was intended to account for variations in growth strain around the stem 

(Figure 1.2) and involves splitting the samples into quarters in order to measure four openings 
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around the stem; the values can be averaged to give a more accurate estimate of the mean value 

than the ‘splitting’ test (Figure 1.5).  

 

 

 

Figure 1.5: Splitting samples into halves (top) and quarters (bottom) for growth strain 

assessment (top: Sharma et al. (2017). Copyright (2017), with permission from Springer 

Verlag. Bottom: Davies and Altaner (2018). 
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1.4 Natural durability of wood 

Wood is a biodegradable material and durability describes its resistance to the activities of 

biodegrading organisms such as fungi, insects and marine ‘borers’ (Clark & Scheffer, 1983; 

Taylor et al., 2002). Timber of some species can resist biodegradation for a remarkably long 

time; however, this is not common and most of the highly durable species are from tropical and 

often unsustainably managed forests (UNEP, 2012). The natural durability of a species is 

largely determined by the amount of extractives deposited in the tree stem’s heartwood 

(Hawley et al., 1924). Further, the natural durability of heartwood varies within and between 

trees (Amusant et al., 2004; Hillis, 1978). Spatial variation in extractive content (EC) within 

the stems, for example in E. bosistoana, has been reported (Li, 2018). 

Natural durability has been reported to be partly under genetic control and there is possibility 

to breed for natural durability of eucalypts (Li & Altaner, 2018; Pâques & Charpentier, 2015).  

Heartwood is the natural durable part of a stem. Therefore, if durable wood is targeted, the 

value of a tree is dependent on its abundance. The amount of heartwood primarily increases 

with tree size and is therefore also related to rotation length. However, heartwood quantity 

varies (Figure 1.6) and also depends on the location of the forest (i.e. environmental factors) 

(Clark & Scheffer, 1983) and genetics. The variability of heartwood content can be minimised 

through genetic selection (Li & Altaner, 2018).  

1.4.1 Methods of assessing durability in wood 

Various methods for measuring or predicting the resistance of wood to biodegradation have 

been developed.  

1.4.1.1 Field tests 

Exposing the timber to a wood-degrading organism in the field to measure the mass loss caused 

by fungi or termites is a standard method of measuring timber durability (AWPC, 2007). This 
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Figure 1.6: Variability in heartwood (stained red) diameter of 4-year-old E. bosistoana 

(Altaner, 2017).  

 

test is recommended to run for at least 5 years in ground, but can take up to 25 years for durable 

timbers (CEN, 1989). This timescale is prohibitive for breeding programmes.  

1.4.1.2 Decay tests 

Laboratory tests were developed to measure the effect of biodegrading agents on wood samples 

(EN-350-1, 1994). Exposing the samples to specified biodegrading fungi for a period of 12 

weeks in a controlled laboratory environment allows prediction of durability from mass loss. 

This test is quicker than the field test. It is resource intensive, although assessing traits in tree 

breeding programme could be possible (Pâques & Charpentier, 2015). Cookson and McCarthy 

(2013) proposed an experimental alternative to accelerate durability assessments by creating 

more favourable environmental conditions that accelerate decay. More sensitive techniques 
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than mass loss were proposed to detect wood decay at the early stage, prior to mass loss. 

Prominent changes in the physical properties and chemical composition of wood can be found 

at the early stage of decay. Acoustics have been proposed as a non-destructive tool to detect 

decay at an early stage (Machek et al., 2001). 

1.4.1.3 Extractive content  

The amount of extractives in heartwood has been shown to be correlated with decay resistance 

in both softwoods (Gierlinger et al., 2004; Gierlinger & Wimmer, 2007) and hardwoods, 

including eucalypts (Li et al., 2020; Wong et al., 1983). Therefore, EC can be used as a proxy 

measure for natural durability.  

The amount of wood extractives is traditionally measured using hot water and organic solvent 

extractions with Soxhlet apparatuses (TAPPI-T-280, 2007). Alternative techniques include the 

use of the Soxtec apparatus and accelerated solvent extraction (ASE). The advantages of the 

latter two methods are that they are fast and consume less solvent (Holmbom, 1999). 

Near-infrared spectroscopy (NIR) is a useful tool to acquire information on the chemical 

composition of a material and is used for agricultural products (Osborne et al., 1993). It is a 

quick test and can be incorporated in breeding programmes. It was reported that EC could be 

predicted by NIR with an error of 1% in E. bosistoana heartwood cores (Li & Altaner, 2018). 

NIR has further been proven effective in enabling rapid predictions of decay resistance with a 

precision that allows the ranking of E. bosistoana families in breeding trials (Li et al., 2020). 

However, NIR predictions of mass loss by decay fungi were found to be inaccurate (Bush et 

al., 2011). 

1.5 Collapse 

Collapse is wood shrinkage caused by the buckling of the cell walls and flattening of the cell 

lumen during drying (Chafe et al., 1992). It is different from normal shrinkage, which is caused 
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by removal of bound water from the cell wall below the fibre saturation point (FSP) (Walker, 

2006). Collapse occurs above FSP as a result of free water being removed from the cell lumen 

by negative pressure. The hydrostatic tension forces of the water within the cells cause collapse 

when the forces are high (i.e. the capillary size is small) and the cell walls are weak (i.e. thin 

and at high temperature) (Ananías et al., 2014; Chafe, 1985a). Collapse is more prominent in 

heartwood than sapwood, earlywood than latewood, thicker than thinner timber and decreases 

with stem height (Chafe, 1985a; Cuevas, 1969; Kube & Raymond, 2005). 

Collapse has been reported to be a major problem for the production of sawn timber from some 

eucalyptus species, due to the challenge of recovering the wood in an undistorted shape after 

drying (Ananías et al., 2014; Kube & Raymond, 2005). It has been reported to be high in 

eucalypts with low wood density, and for E. nitens, basic density correlated with collapse 

(Kube & Raymond, 2005). 

Collapse varies within species (Figure 1.7). Kube and Raymond (2005) assessed genetic 

parameters of collapse in E. nitens core samples and found it to be under genetic control 

(h2 = 0.38). Therefore, one way to grow trees with low collapse is to include this trait in a 

breeding programme (Kube & Raymond, 2005). 
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Figure 1.7: Variation of collapse in 8-year-old E. globoidea cores. 

 

1.5.1 Methods of assessing collapse in wood 

There is no standard for measuring collapse but a range of methods is used for different 

purposes (Blakemore, 2010).  

The measurement of total shrinkage in wood comprises normal shrinkage of the cell wall and 

shrinkage due to cell collapse. The normal shrinkage and cell collapse can be measured 

independently by dividing a wooden block into a longer and a thin (<1 mm along the grain) 

section. The thin section gives the collapse-free shrinkage in the wood. Subtracting the normal 

shrinkage from the total shrinkage that occurs in the matching longer sample gives a 

measurement of collapse (Blakemore, 2010). 

Measuring recovered or recoverable collapse is another way to assess collapse and involves 

measuring the shrinkage before and after reconditioning at a standardised moisture content 

(Chafe, 1985a, 1986). However, this method was proven to be less accurate though easier to 

implement than the previous method (Blakemore, 2010). 
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Kube and Raymond (2005) quantified collapse by measuring the narrowest diameter of a stem 

core sample after drying at 105°C. This low cost method had been proven effective for 

measuring collapse in genetic studies of E. nitens (Kube & Raymond, 2005) and E. dunnii 

(Arnold et al., 2004). 

1.6 Other mechanical wood properties 

1.6.1 Wood density 

Density is defined as the ratio of mass to volume. The structure of wood can be simplified into 

a solid (cell walls) and void volume (cell lumens) with the wood anatomy determining its 

density. As wood is a hygroscopic material, both its weight and its volume are dependent on 

its moisture content. As a consequence, any density values need to be accompanied by the 

information of the moisture content at which it was measured. Basic density is defined as the 

ratio of oven-dry mass to green volume and is widely used in scientific literature. Air-dry 

density, the density during the time of measurement, is also sometimes used, but as the moisture 

content can vary, care must be taken when comparing such data between experiments. The 

green density is the ratio of the wet weight to the green volume of the wood. The density in the 

green state is not constant and correlates to the green moisture content rather than the dry cell 

wall mass (Walker, 2006). 

Density has been considered in tree breeding programmes and it is under genetic control. In 

general, the heritability for density was moderate to high with reports ranging from 0.23 to 0.54 

for eucalyptus species (Davies, Apiolaza, et al., 2017; Hamilton & Potts, 2008; Hung et al., 

2015).  

The air-dry density of NZDFI’s species ranges from 880 kg/m3 to 1100 kg/m3 (Table 1.1). The 

high density compared to radiata pine (480 kg/m3) is not a problem for heavy construction but 

makes furniture and similar products unnecessarily heavy. High density was also identified as 
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a factor contributing to gluing issues in the manufacturing of laminated veneer lumber (LVL) 

(Ozarska, 1999). Wood density is positively related to shrinkage (Hillis, 1978).  

1.6.1.1 Density determination 

The volume of an irregularly shaped object can be measured using Archimedes’ principle. 

Submerging the object in water will displace water equal to its volume, which can be measured 

with a balance. It is a good method for large stem disks but it can also be applied to increment 

cores down to a sample volume as small as 0.0075 cm3 (Olesen, 1971). 

X-ray absorbance is another established method to determine density. The wood sample needs 

to be cut to homogeneous thickness, for which the absorbed X-ray intensity depends on the 

amount of cell wall (i.e. wood density) in the beam. X-ray densitometry is used commercially 

in timber grading or at higher resolution in a research context using equipment such as 

SilviScan (Evans et al., 2000; Wu et al., 2009). 

The density of wood can also be predicted using near-infrared spectroscopy (Fujimoto et al., 

2012) or the ratio of mass to volume at maximum moisture content (Simpson, 1993). 

1.6.2 Modulus of elasticity 

The MoE, commonly referred to as stiffness, is a measure of the resistance of a material to 

deformation under load (Equation 1.3). Both density and MFA influence the MoE of wood 

(Evans & Ilic, 2001; Yang & Evans, 2003) and they vary within and between trees. In general, 

MFA decreases from the bottom to the top of a tree and varies from pith to the bark (Walker, 

2006). MFA was reported to be the primary determinant for wood stiffness in eucalypts, 

accounting for more than 85% of the variation in MoE (Evans & Ilic, 2001; Yang & Evans, 

2003). MFA and density together accounted for over 90% of the variation.  
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1.6.2.1 Measuring MoE 

MoE is traditionally measured with bending tests where a wooden member of defined 

dimensions is subjected to a known force/load (ASTM 2009). This method of determining MoE 

is time consuming and therefore not advisable for use in a tree breeding programme. The use 

of acoustics for assessing the stiffness has been established over the last few decades and is 

now recognised as an effective measure for stiffness both in standing and felled trees (Wang, 

2013). In contrast to bending tests, which provide the static MoE, acoustic techniques give the 

dynamic MoE. These are strongly correlated but not identical. MoE can be determined from 

the measured acoustic velocity and density (Equation 1.4). 

 𝑀𝑜𝐸 =  𝜌𝑉2      Equation 1.4 

     

𝑀𝑜𝐸 is the dynamic stiffness of the wood sample, 𝜌 is the density of the wood at the time of 

measurement, and 𝑉 is the acoustic velocity of the sample. Therefore, acoustic measurements 

are essentially a measurement of MFA. 

Two different approaches, resonance and time-of-flight, have been developed for assessing 

acoustic velocity. 

1.6.2.1.1 Resonance 

A stress wave is launched in the sample by hitting. In a long and slender sample a simple 

resonance wave will establish. The resonance frequency can be detected by Fourier 

transformation of the acoustic signal. The method cannot be used in standing trees as defined 

ends are needed to reflect the stress wave. 

1.6.2.1.2 Time-of-flight  

Time-of-flight can be used to measure the acoustic velocity in standing trees where no ends for 

reflection of the stress waves exist. The transit time of a pulse is measured between two probes 
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inserted along the length of the tree (Wang, 2013). The acoustic wave velocity can be calculated 

using Equation 1.5: 

 𝑉 =  
∆𝑆

∆𝑡
     Equation 1.5 

      

where ∆𝑆 is the distance between the two probes and ∆𝑡 is the transit time of the stress wave 

between the two probes. 

1.6.2.2 Other methods to assess MoE 

SilviScan can determine several wood properties from increment cores or disc samples 

(Raymond et al., 2007) but requires time consuming and costly sample preparation (Mora, 

2009). For example, it can measure air-dry density and MFA at 5 mm resolution by X-ray 

densitometry and X-ray diffractometry, respectively (Evans, 1999). Wood stiffness is then 

calculated from the combination of X-ray densitometry and X-ray diffraction (Evans et al., 

2006).  

NIR was used to predict the mechanical properties of wood (Fujimoto et al., 2007; Schimleck 

et al., 2001). The prediction error for stiffness is relatively large as the stiffness prediction is 

based on chemical information (Schimleck et al., 2001; Thumm & Meder, 2001). This method 

also requires extensive sample preparation for spectra acquisition (Schimleck et al., 2018).  

1.7 Breeding  

A tree breeding programme requires the establishment of a large number of families in multiple 

sites. It involves repetitive cycles of mating, testing and selection (El-Kassaby et al., 2011). As 

trees are long-lived, each breeding cycle can last several years and therefore incurred costs are 

larger and progress slower compared to a crop breeding programme (Shelbourne, 1969; White, 

2001).  
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1.7.1 Genetic parameters 

The phenotypic expression of an individual trait is as a result of both the genetic and 

environmental factors. Heritability (h2) is a measure of the strength of genetic effects relative 

to environmental causes and specific to the analysed population and environment. Heritability 

determines the resemblance of offspring to their parents and its estimation can be based on the 

family or on a single tree basis (Bandara, 2006; White et al., 2007).  

The heritability estimate depends on the relatedness of the individuals (Askew & El-Kassaby, 

1994; Squillace, 1974). The coefficient of relationship (rc) measures the degree of biological 

relationship between two individuals. For example, rc for clones is 1 while it is 0.5 for full-

siblings and 0.25 for half-siblings for unrelated parents. Using open pollinated progeny, that 

is, the seed collected from a known mother tree, their exact relatedness is uncertain. Lacking 

any other information, it is often assumed that the families are half-siblings, that is, they share 

a mother but have unrelated fathers (Eldridge et al., 1993; Griffin & Cotterill, 1988). This is 

unlikely to be true due to the high probability of selfing, common fathers (full-siblings) and 

relatedness of parents (Borralho, 1994; Hodge et al., 1996). Not knowing the average 

relatedness coefficient of a breeding population will affect the magnitude of the breeding values 

but not their ranking (Hodge et al., 1996), allowing the identification of outperforming families 

while being uncertain about the genetic gain. Eldridge et al. (1993) used rc values ranging from 

0.33 to 0.40 for open-pollinated progeny trials. Using DNA markers can reveal the relatedness 

of the trees in a breeding programme and allow the estimation of accurate genetic values. 

Correlations between traits, that is, the association of two traits, measures how a change in one 

trait will affect the other (White et al., 2007). Favourable correlations allow a focus on the trait 

that is easier to assess. Unfavourable correlation between wood traits limit genetic gain for both 

traits or require a higher selection intensity (Eldridge et al., 1993). 
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Genetic gain, describing how much a trait differs in the progeny of the selected individuals 

from the whole breeding population, is useful to the breeder to justify the investment. The 

genetic gain depends on selection intensity as well as heritability and phenotypic variation 

(Eldridge et al., 1993). 

The cambial activities vary with age causing morphological characteristic to change as the tree 

grows (Lachenbruch et al., 2011). Forest trees have long rotation periods, and the properties 

(and selections) at maturity age (for instance, 25 years for some tropical species) are not 

necessarily represented by those assessed at a younger age in a breeding programme. This age-

to-age correlation, that is, correlation between the same trait at two different ages (White et al., 

2007), indicates the feasibility of early selection. Apart from negatively affecting the accuracy 

of selection and consequently the genetic gain per generation, early selection shortens the 

breeding cycle (Gwaze, 1997). 
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1.8 Objectives of this thesis 

The overall objective of this thesis was to aid the selection of plants with superior wood 

properties from the NZDFI breeding populations. 

i. Chapter 2 confirmed the accuracy of the ‘splitting’ test for measuring growth 

strain and characterised genetic parameters of wood properties in 2-year-old E. 

bosistoana. 

ii. Chapter 3 investigated genetic parameters of growth strain and other wood 

properties in 2-year-old E. quadrangulata in order to allow the selection of superior 

planting stock for commercial deployment.  

iii. Chapter 4 confirmed wood properties of E. globoidea as a species in order to inform 

a breeding programme of target wood property traits. The work also investigated 

the effect of coppice on wood properties. 

iv. Chapter 5 investigated heartwood quantity and quality as well as collapse of the 

NZDFI 8-year-old E. globoidea breeding population in order to allow the selection 

of superior planting stock for commercial deployment. 
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Chapter 2. Accuracy of growth strain assessments and characterisation of 

wood properties of 2-year old E. bosistoana 

2.1 Introduction 

The natural range of E. bosistoana (F. Muell.) is around the coastal belt of Eastern Victoria and 

New South Wales, Australia. It is fast-growing, can attain heights of up to 46 m and diameters 

of up to 2 m in favourable conditions. Old growth E. bosistoana timber has appealing 

characteristics such as high stiffness (21 GPa), high density (1100 kg/m3), hardness and natural 

durability. Its historic use was heavy construction, piles and poles as well as bentwood work, 

railway sleepers and fence posts (Bootle, 2005; Poynton, 1979). 

Like other eucalypts, E. bosistoana stems have significant growth stresses (Davies, 2019), 

causing associated problems such as end-splitting and distortion during sawing (Yang & 

Waugh, 2001). Distortion is particularly encountered in small diameter trees as the similar 

magnitude of longitudinal surface growth strain in combination with a smaller diameter results 

in a steeper radial growth strain gradient (Cassens & Serrano, 2004; Maeglin, 1987). Smaller 

diameter logs are expected from plantation forests, compared to the old growth resource. As 

growth stress is heritable and substantially variable (Davies, Apiolaza, et al., 2017; Murphy et 

al., 2005; Nguyen, 2019), the possibility for wood quality improvement is likely to be feasible 

(Verryn, 2008).  

Phenotyping breeding populations for growth strain requires a robust and affordable 

assessment. The ‘splitting’ test, splitting a stem along the pith and measuring the opening of 

the two halves, was developed specifically for allowing the phenotyping of tree breeding trials 

for growth strain (Chauhan & Entwistle, 2010). However, as the growth stress varies around 

the stem (Nicholson, 1971), the orientation of the cut affects the measurement and therefore 

the accuracy of the assessment for an individual tree (Davies, 2019). Nevertheless, family 

averages based on several individuals can be obtained. Davies (2019) proposed that quartering 
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a stem by two perpendicular cuts along the pith could improve the accuracy of the test for 

individual trees, by allowing the averaging of four values.  

This study investigated the relationship between the ‘splitting’ and ‘quartering’ test to verify if 

the latter produces more reliable genetic parameters. Additionally, while the majority of 

NZDFI’s E. bosistoana breeding population was previously phenotyped for growth strain and 

other wood properties (Davies, 2019), genetic parameters for the remaining families were 

produced.  

2.2 Materials and methods 

2.2.1 Trial 

A progeny trial with 22 families of E. bosistoana was established at Murray’s Nurseries 

Woodville, New Zealand, in November 2016. The trial site was located at latitude 40° 19' 

44.82" S and longitude 175° 52' 48.75" E, with an elevation of 106 m and had a mean annual 

rainfall of 960 mm. The trial was set up in a randomized complete block design with 8 to 32 

trees in a plot for each family and 4 replicates of these plots, resulting in a total of 1067 trees 

tested for wood properties assessment. All seedlings were planted at 1 m spacing within the 

row and 0.9 m between rows. The trial was pruned in August and December 2017 to ensure 

good form (straight, branchless stems) for assessment.  

2.2.2 Sample preparation for wood properties assessment 

All the trees from the trials were harvested on October 24th and 25th, 2018, leaving 5 cm 

stumps to coppice allowing to propagate selected plants after destructive assessment (Figure 

2.1). All the samples were branch free and debarked before assessing growth strain, diameter, 

acoustic velocity, dynamic MoE, volumetric shrinkage and densities.  



29 
 

 

Figure 2.1: E. bosistoana trees felled at age 24-months for wood properties assessment. 

 

2.2.3 Growth-strain assessment  

The longest 100 mm to 350 mm straight length (slit length) from the large end was marked and 

recorded on the ~500 mm-long green debarked basal stem sections harvested in the field 

(Figure 2.2). The samples were then cut lengthwise with a band saw having a kerf of 1.7 mm. 

The stem diameters were measured with digital callipers, perpendicular to the cut while 

pressing the half prongs together, and the kerf was added to the measurement. The stem 

diameters were measured after cutting the samples as the diameter varies around the stem and 

the dimension perpendicular to the cut is required to determine growth strain with the ‘splitting’ 

test. The opening between the half prongs was measured without exerting a force (Figure 2.2) 

(Davies, Apiolaza, et al., 2017). Deformation was dependent on the surface growth strain, 

diameter and slit length. The surface growth strain was calculated using Equation 2.1 (Chauhan 

& Entwistle, 2010). 

 

𝐺𝑟𝑜𝑤𝑡ℎ 𝑠𝑡𝑟𝑎𝑖𝑛 =  
𝑂𝑝𝑒𝑛𝑖𝑛𝑔 × 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

1.74 ×  𝑆𝑙𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ2  ×  1000   Equation 2.1  
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Figure 2.2: Process of growth strain measurement: Top, debarked sample; Middle, cutting the 

sample into halves using band saw; Bottom, measuring the opening of the sample using 

vernier calipers (Davies, Guo, et al., 2017). 
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In addition to the ‘splitting’ test described above, the stems were subsequently split again 

perpendicular to the first cut along the pith into quarters, and the four openings were measured 

(Figure 1.5). The surface growth strain for the individual openings was calculated using 

Equation 2.2 and finally averaged for each sample. This test was named the ‘quartering’ test 

(Davies, 2019).  

  

𝐺𝑟𝑜𝑤𝑡ℎ 𝑠𝑡𝑟𝑎𝑖𝑛 =  
𝑂𝑝𝑒𝑛𝑖𝑛𝑔 × 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2.079 ×  𝑆𝑙𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ2  ×  1000     Equation 2.2  

 

2.2.4 Densities and volumetric shrinkage  

The split stems were docked at 150 mm, yielding quarter round samples (A, B, C and D). The 

mass and volume of the samples were measured in the green state. The volume was measured 

gravimetrically using water displacement and assuming a water density of 1000 kg/m3. The 

samples were then oven-dried at 105°C for 2 days to 0% moisture content (MC) and transferred 

to a conditioning room set to 25°C and 65% relative humidity. The samples were remeasured 

for mass and volume after they had equilibrated at ~9% MC. The densities and volumetric 

shrinkage (VS) were determined using equations 2.3 to 2.5. 

𝐺𝑟𝑒𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐺𝑟𝑒𝑒𝑛 𝑚𝑎𝑠𝑠 (𝐴 + 𝐵 + 𝐶 + 𝐷)

𝐺𝑟𝑒𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐴 + 𝐵 + 𝐶 + 𝐷)
     Equation 2.3 

  

𝐴𝑖𝑟 𝑑𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 (𝐴 + 𝐵 + 𝐶 + 𝐷)

𝐷𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐴 + 𝐵 + 𝐶 + 𝐷)
           Equation 2.4 

 

 

𝑉𝑆 = ( 
𝐺𝑟𝑒𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐴 + 𝐵 + 𝐶 + 𝐷) − 𝐷𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐴 + 𝐵 + 𝐶 + 𝐷) 

𝐺𝑟𝑒𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐴 + 𝐵 + 𝐶 + 𝐷)
) ×  100         Equation 2.5 

 

 

The densities were expressed in kg/m3 and VS in %. 
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2.2.5 Acoustic velocity and stiffness  

The acoustic velocity of the 150 mm-long wood samples were measured in the air-dry state 

using the WoodSpec resonance tool, which determines the acoustic velocity from the frequency 

of many tens of reverberations of the acoustic signal within the sample (Figure 2.3). Acoustic 

velocity (𝑉) was calculated from the fundamental frequency (𝑓) and sample length (𝑙) using 

equation 2.6. 

𝑉 = 2𝑙𝑓    Equation 2.6    

 

 

Figure 2.3: Measuring acoustic velocity with the WoodSpec resonance tool.  

The dynamic MoE (MoEdyn) was calculated from the air-dry density and acoustic velocity using 

equation 2.7. 

𝑀𝑜𝐸𝑑𝑦𝑛 = 𝐴𝑖𝑟 − 𝑑𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × ( 
𝐴𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝐴 + 𝐵 + 𝐶 + 𝐷) 

4
)

2

 Equation 2.7 

 

The acoustic velocity was measured in km/s while 𝑀𝑜𝐸𝑑𝑦𝑛was expressed in GPa. 
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2.2.6 Statistical analyses 

2.2.6.1 Genetic analyses 

All data were analysed using R statistical software (R Core Team, 2019). Univariate and 

bivariate analyses were conducted to estimate the individual variance components for each trait 

and covariance between pairs of each trait. A linear mixed model was used for the univariate 

analyses using the model below. 

𝑦𝑖𝑗𝑘 = 𝜇 + 𝑓𝑖 + 𝑏𝑗 +  𝑧𝑘 + 𝑒𝑖𝑗𝑘    Equation 2.8 

 

where yijk is a phenotypic observation of a single trait,  is the overall intercept, fi is the random 

effect of the ith family, bj the random effect of the jth replicate, 𝑧𝑘 the random effect of the kth 

plot and eijk the random residual for the kth individual of the ith family in the jth replicate. The 

residuals were assumed to be identically and independently normally distributed. The expected 

value for the phenotype is  while the variances for each of the random terms are  𝑉(𝑓) =  𝜎𝑓
2, 

𝑉(𝑏) =  𝜎𝑏
2 and 𝑉(𝑒) =  𝜎𝑒

2. 

The notation can be expanded to a bivariate scenario using vectors that have two phenotypes 

for traits 1 and 2 for each individual. The variances are then Kronecker matrix products 𝑉(𝒇) =

𝑭0⨂𝒁𝑓, 𝑉(𝒃) = 𝑩0⨂𝒁𝑏 and 𝑉(𝒆) = 𝑬0⨂𝑰. Where Zf, Zb and I are incidence matrices, 

connecting the observations to model terms and 𝑭𝟎, 𝑩𝟎 and 𝑹𝟎 are illustrated below.  

 

𝑭𝟎 =  [
𝜎𝑓1

2 𝜎𝑓12

𝜎𝑓12 𝜎𝑓2
2 ]  𝑩𝟎 =  [

𝜎𝑏1
2 𝜎𝑏12

𝜎𝑏12 𝜎𝑏2
2 ] 𝑹𝟎 =  [

𝜎𝑒1
2 𝜎𝑒12

𝜎𝑒12 𝜎𝑒2
2 ]   Equation 2.9 

where 𝜎𝑓1
2 , 𝜎𝑏1

2 , 𝜎𝑒1
2  are the variances for family, replicate and residual; 𝜎𝑓12, 𝜎𝑏12 and 𝜎𝑒12 

represent the covariance between traits 1 and 2.  

The model was fitted with the Asreml-R package (Butler et al., 2009) to estimate variance 

components and breeding values. The phenotypic and additive genetic variations were 
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estimated to compute the narrow sense half-sib heritability (h2) of each trait using Equation 

2.10. 

 

h2 = 
𝑉𝑎𝑟(𝐴)

𝑉𝑎𝑟(𝑌)
 =   

4𝜎𝑓
2

𝜎𝑓
2+𝜎𝑧

2+ 𝜎𝑏
2+ 𝜎𝑒

2     Equation 2.10 

 

where 𝜎𝑓
2 is the additive genetic variance for the family; 𝜎𝑧

2 is the variance for the plot; 𝜎𝑏
2 is 

the variance for the replicate and 𝜎𝑒
2 is the residual variance. The heritability estimated in this 

study assumed that families were true half-siblings with a relationship coefficient among 

families of one quarter. 

The coefficient genetic of variation (CGV) for each trait was determined using equation below. 

 

𝐶𝐺𝑉 =  
√ 4𝜎𝑓

2

𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑛
 ×  100    Equation 2.11 

 

The coefficient of phenotypic variation (CPV) for each trait was also determined using 

equation below. 

𝐶𝑃𝑉 =  
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑛
 ×  100    Equation 2.12 

 

2.2.6.2 Genetic correlation 

The genetic correlation is a measure of the strength of the genetic association between the 

performance in one trait and performance in another trait (Bourdon, 2000). It is the ratio of the 

family additive genetic covariance between two traits (𝑚 and 𝑛) to the square root of their 

additive family variances. The family covariance is multiplied by the relatedness coefficient, 

which was assumed to be 4 (half-siblings).  
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𝑟𝑔(𝑚,𝑛) =  
4𝜎𝑓𝑚𝑛

√𝜎𝑓𝑚
2  𝜎𝑓𝑛

2  
      Equation 2.13 

𝜎𝑓𝑚𝑛 is the covariance between traits 𝑚 and 𝑛; 𝜎𝑓𝑚
2  is the genetic variance for trait 𝑚; 𝜎𝑓𝑛

2  is 

the genetic variance for trait 𝑛 and 𝑟𝑔(𝑚,𝑛) is the genetic correlation. The model in Equation 

2.8 was fitted with covariance (model 1) and without covariance (model 2) to have two different 

loglikehood values from the two models. The loglikehood difference between the two models 

is the significant level (p-value) of the genetic correlation computed. Therefore, the covariance 

and correlation are significant when the covariance is greater than 2 but not significant when 

the covariance is less than 2. 

 

2.2.6.3 Correlated response to selection 

Correlated response to selection is the genetic change in one or more traits resulting from the 

selection of another trait. The correlated response to selection between the ‘splitting’ test and 

the ‘quartering’ test was determined. The correlated response of the two traits was determined 

by disregarding the selection intensity. This was determined using Equation 2.14 to 2.18 (van 

der Werf, 2017). 

The direct response to selection (𝑅𝑠) in the ‘splitting’ test was calculated by equation 2.14, 

    𝑅𝑠 = 𝑖ℎ𝑠
2𝜎𝑝𝑠       Equation 2.14  

where 𝑖 is the selection intensity; ℎ𝑠
2 is the heritability for the ‘splitting’ test and 𝜎𝑝𝑠 is the  

standard deviation for the ‘splitting’ test. 

 

The correlated response in the ‘quartering’ test (𝐶𝑅𝑞) was calculated by equation 2.15, 

    𝐶𝑅𝑞 = 𝑖𝑟𝑔ℎ𝑡𝜎𝑝𝑞   Equation 2.15 

where 𝑟𝑔 is the genetic correlation between the ‘splitting’ and ‘quartering’ test; ℎ𝑡  is the  
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square root of heritability for the two tests (i.e. selection accuracy); and 𝜎𝑝𝑞 is the standard  

deviation for the ‘quartering’ test. 

Direct response in the ‘quartering’ test (𝑅𝑞) was calculated by equation 2.16, 

    𝑅𝑞 =  𝑖ℎ𝑞
2𝜎𝑝𝑞  Equation 2.16 

Correlated response in the ‘splitting’ test (𝐶𝑅𝑠) was calculated by equation 2.17, 

    𝐶𝑅𝑠 = 𝑖𝑟𝑔ℎ𝑡𝜎𝑝𝑠  Equation 2.17 

Genetic change, that is, the change in breeding performance of a population caused by  

selection was calculated by equation 2.18, 

  𝐺𝑒𝑛𝑒𝑡𝑖𝑐 𝑐ℎ𝑎𝑛𝑔𝑒 (%) = 100 −  (
𝑖𝑟𝑔ℎ𝑡𝜎𝑝𝑠

𝑖ℎ𝑞
2𝜎𝑝𝑞

) Equation 2.18 

2.3 Results and discussion 

2.3.1 Stem effects and variation 

In this study, large variability was found in diameter (CPV: 29%), growth strain (‘splitting’ 

and ‘quartering’ test CPV: 37% and ~40%), dynamic MoE (CPV: ~13%), and volumetric 

shrinkage (CPV: ~20%), while air-dry density (CPV: ~5%) and acoustic velocity (CPV: ~5%) 

had low variation (Table 2.1).  
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Table 2.1: Summary statistics of E. bosistoana wood properties at age 2-years and coefficient 

of phenotypic variation (CPV) with 1067 samples tested.  

Trait Mean Standard 

deviation 

Min Max CPV (%) 

Diameter (mm) 32.3 

 

9.4 

 

9.0 

 

71.7  

 

29.10 

 

Growth strain 

(‘splitting’) (µɛ) 

1908 

 

 

713 

 

0 

 

6010  

 

37.37 

 

Growth strain 

(‘quartering’) (µɛ) 

1669 667 13 6307 39.96 

Acoustic velocity 

(km/s) 

3.92 

 

0.21 

 

3.15 

 

4.73 

 

5.36 

 

 

Dynamic MoE  

(GPa) 

12.7 

 

1.6 

 

7.9 

 

17.0 

 

12.60 

 

 

Air-dry density 

(kg/m3) 

822 

 

45 

 

656 

 

984 

 

5.47 

 

 

Volumetric 

shrinkage (%) 

20.1 

 

4.1 

 

5.4 

 

33.9 

 

20.39 

 

 

 

2.3.1.1 Growth strain 

The growth strain for the ‘splitting’ test varied from 0 to 6010 µɛ with a mean of 1908 µɛ. This 

confirmed earlier findings for E. bosistoana at age ~2 years (1949 µɛ) (Davies, 2019). 

E. bosistoana had higher surface strains than E. quadrangulata (1784 µɛ) (Chapter 3) and E. 

tricarpa (1735 µɛ) (Nguyen, 2019) determined with the ‘splitting’ test at the same age. The 

‘splitting’ test gave a higher absolute mean (1908 µɛ) than the ‘quartering’ test (1669 µɛ) (Table 

2.1). This might be expected, as there would be a stress release and redistribution after a cut, 

resulting in a strain decrease in subsequent cuts/openings (Chauhan & Entwistle, 2010; Davies, 

2019).  

The CPVs for the ‘splitting’ (37.37%) and ‘quartering’ tests (39.96%) reported in this study 

were comparable to those of earlier assessments of E. bosistoana families (36.4%) (Davies, 
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2019) and 1-year-old E. regnans (38%) (Chauhan & Walker, 2011), though higher than for E. 

quadrangulata (26.28%) (Chapter 3) and lower than for E. tricarpa (43.67%) (Nguyen, 2019). 

With the variability observed in this study, breeding for low growth strain E. bosistoana might 

be possible through the selection of superior trees if the trait is heritable. See Chapter 3 for 

more details. 

2.3.1.2 Diameter 

The diameter varied from 9.0 to 71.7 mm with a mean of 32.3 mm, similar to that of other 

plantings in that experiment; 34.8 mm for E. quadrangulata (Chapter 3), 28.9 mm for E. 

bosistoana (Davies, 2019), 23.6 mm for E. tricarpa (Nguyen, 2019). It should be noted that 

the diameter is confounded by tree age and environmental conditions, which varied somewhat 

between these trials.  

The diameter variability (CPV = 29.10%) was comparable with the values reported for E. 

quadrangulata (25.86%) (Chapter 3), E. tricarpa (27.41%) (Nguyen, 2019) as well as E. 

bosistoana (23.7%) (Davies, 2019) at a similar age.  

2.3.1.3 Acoustic velocity  

The acoustic velocity in the population varied from 3.15 to 4.73 km/s, with a mean value of 

3.92 km/s and was comparable to earlier reports for this species (3.70 km/s) (Davies, 2019). It 

was lower than E. quadrangulata (4.42 km/s) (Chapter 3) but higher than for E. tricarpa 

(3.80 km/s) (Nguyen, 2019) at similar age. The CPV of acoustic velocity for E. bosistoana was 

low (CPV = 5.36%) and comparable with the values reported for E. tricarpa (7.19%) (Nguyen, 

2019), E. quadrangulata (4.71%) (Chapter 3) and E. bosistoana (8.11%) (Davies, 2019) at a 

similar age. Further the CPV reported for acoustic velocity was low, e.g. 8 times lower than for 

growth strain, and therefore potential improvement of this trait through breeding is limited.  
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2.3.1.4 Air-dry density 

The average air-dry density was 822 kg/m3 and varied from 656 to 984 kg/m3 with a CPV of 

5.47%, similar to previous observations (816 kg/m3, CPV = 5.76%) for the same species 

planted on the same experimental site (Davies, 2019). The density was higher than, but with 

similar variation, the values reported for E. tricarpa (780 kg/m3 and CPV = 5.08%) (Nguyen, 

2019), E. sideroxylon (765 kg/m3 and CPV = 6.8%) (Altaner, 2019) and E. quadrangulata 

(656 kg/m3 and CPV = 6.09%) (Chapter 3) at a similar age. As expected, even higher densities 

of E. bosistoana were reported for 42-year-old E. bosistoana (940 kg/m3) grown in Uruguay 

(Mantero et al., 2014) and mature native stands (1100 kg/m3) in Australia (Bootle, 2005) which 

implies that density increases with increase in cambial age.  

2.3.1.5 Dynamic MoE 

The dynamic MoE ranged from 7.9 to 17.0 GPa with a mean of 12.7 GPa, similar to the values 

reported earlier for 2-year-old E. bosistoana (11.2 GPa) (Davies, 2019) and E. tricarpa (11.4 

GPa) (Nguyen, 2019). However, in line with the typically observed radial increase in stiffness, 

the dynamic MoE reported for old growth E. bosistoana was significantly higher at 21 GPa 

(Bootle, 2005).  

The CPV of 12.60% for E. bosistoana was in the order of the CPVs observed at a similar age 

for earlier assessments of E. bosistoana (16.96%) (Davies, 2019), E. tricarpa (15.81%) 

(Nguyen, 2019) and E. quadrangulata (10.85%) (Chapter 3). A more detailed discussion can 

be found in Chapter 3. 

2.3.1.6 Volumetric shrinkage 

The average volumetric shrinkage was 20.1% and varied from 5.4% to 33.9% with a CPV of 

20.39%, close to earlier reports for the same species (20.0%) (Davies, 2019) and E. 

quadrangulata (19.0%) (Chapter 3) at age ~2-years. However, the average value was higher 

than for E. tricarpa (15.4%) on the same experimental site of similar age (Nguyen, 2019). The 
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CPV of ~20% observed for volumetric shrinkage was similar to the values reported for E. 

tricarpa (19.28%) (Nguyen, 2019), E. bosistoana (20%) (Davies, 2019) and E. quadrangulata 

(20.53%) (Chapter 3). Refer to Chapter 3 for more details. 

2.3.2 Accuracy of growth strain assessment 

The direct response and correlated response in selection between the ‘splitting’ and the 

‘quartering’ tests were presented in Table 2.2 and genetic change was determined using 

Equation 2.18. 

Table 2.2: Accuracy of growth strain assessment with ‘splitting’ and ‘quartering’ test 

determined by direct response and correlated response to selection as well as the genetic 

change. 

 ‘Splitting’ test 

(µɛ) 

‘Quartering’ test 

(µɛ) 

Direct response  114.1 220.0 

Correlated response to selection  157.3 147.1 

Genetic change (%)  29.5 

 

The direct response in the ‘splitting’ test was 114.1 µɛ, with a correlated response to selection 

of 157.3 µɛ, and the ‘quartering’ test had a response of 220.0 µɛ with a correlated response of 

147.1 µɛ. The direct response in selection for the ‘quartering’ test was slightly higher than the 

‘splitting’ test (Table 2.2), resulting in a genetic change of 29.5% when the ‘quartering’ test 

was considered for growth strain assessment. The genetic change observed here was not high, 

indicating that the ‘splitting’ test was accurate in assessing growth strain and the two tests have 

similar genetic constituents. The ‘splitting’ test is less expensive and quicker than the 

‘quartering’ test. It will be economical to consider the ‘splitting’ test for assessing the growth 

strain and better to continue with the ‘splitting’ test method to assess growth strain at a younger 

age. This will allow tree breeders to establish more families for wood properties assessment 

and their genetic parameters estimation. Moreover, additional traits can be considered for 
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selection/improvement and allow substantial gain to be achieved in reasonable time and cost 

in a breeding programme.  

A strong phenotypic and genotypic relationship between the ‘splitting’ and ‘quartering’ test 

(rp = 0.78, CI95% 0.76, 0.80; rg = 0.96, CI95% 0.82, 1.1) (Table 2.3 and Table 2.4) was found 

implying that the ‘splitting’ test could be used as a direct selection for growth strain assessment. 

Similar phenotypic correlation was reported between the two tests (rp = 0.78) in 5-year-old E. 

argophloia (Davies, 2019). The strong phenotypic and genetic correlation between the two 

growth strain assessments can be the consequence of the similar rankings of the family 

averages based on many individual trees (Figure 2.4). This confirmed an earlier study on the 

suitability of the ‘splitting’ test for early screening of breeding populations by selecting family 

genotypes (Davies, 2019). 

 

Figure 2.4: Ranking family breeding values of the ‘splitting’ and ‘quartering’ test. 
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2.3.3 Phenotypic and genotypic relationship between wood properties 

Pearson correlation analysis was used to determine the phenotypic (Table 2.3) and genetic 

(Table 2.4) relationships between the traits. The correlations between the wood traits quantify 

the effects of selection for one trait on others. 

 

Table 2.3: Phenotypic correlation between traits for 2-year-old E. bosistoana with the 95% 

confidence interval (CI95%) in brackets (1067 samples tested).  
 

Trait Air-dry density  Acoustic velocity Volumetric 

shrinkage 

Dynamic MoE Growth strain 

(‘splitting’) 

Diameter 0.22 

 

(0.16, 0.28) 

 

p = 4.3e−13* 

 

 

0.14  

 

(0.10, 0.20) 

 

p = 3.1e−06* 

 

 

0.31 

 

(0.25, 0.36) 

 

p = 2.2e−16* 

 

0.23 

 

(0.17, 0.29) 

 

p = 3.6e−14* 

 

0.15 

 

(0.10, 0.21) 

 

p = 1.1e−06* 

 

Air-dry density  0.04 

 

(−0.02, 0.1) 

 

p = 0.23ns 

 

0.42 

 

(0.37, 0.47) 

 

p = 2.2e−16* 

 

0.52 

 

(0.47, 0.56) 

 

p = 2.2e−16* 

 

0.10 

 

(0.04, 0.16) 

 

p = 0.001* 

 

Acoustic velocity   −0.01 

 

(−0.07, 0.05) 

 

p = 0.65ns 

 

0.87 

 

(0.86, 0.89) 

 

p = 2.2e−16* 

 

0.08 

 

(0.02, 0.14) 

 

p = 0.01* 

 

Volumetric 

shrinkage 

   0.19 

 

(0.13, 0.25) 

 

p = 5.6e−10* 

0.14 

 

(0.08, 0.20) 

 

p = 5.4e−06* 

 

Dynamic MoE     0.12 

 

(0.06, 0.18) 

 

p = 6.3e−05* 

 

 

Growth strain 

(‘quartering’) 

    0.78 

 

(0.76, 0.80) 

 

p = 2.2e−16* 

 

 

ns: not significant at p > 0.05; * significant at p < 0.05 
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Table 2.4: Genetic correlation between traits for 2-year-old E. bosistoana with the 95% 

confidence interval (CI95%) in brackets (1067 samples tested). 

Trait Air-dry density Acoustic velocity Volumetric 

shrinkage 

Dynamic MoE Growth strain 

(‘splitting’) 

Diameter 0.25 

 

(0.17, 0.31) 

 

p = 0.42ns 

 

 

0.99  

 

(-1.13, 1.26) 

 

p = 3.75* 

 

 

0.05 

 

(0.01, 0.10) 

 

p = 0.05ns 

 

0.60 

 

(0.29, 0.78) 

 

p = 2.93* 

 

-0.03 

 

(-0.57, 0.57) 

 

p = 0.00ns 

 

Air-dry 

density 

 0.10 

 

(0.04, 0.16) 

 

p = 0.09ns 

 

 

0.16 

 

(0.02, 0.33) 

 

p = 0.37ns 

 

0.91 

 

(0.71, 1.10) 

 

p = 8.08* 

 

0.12 

 

(0.05, 0.18) 

 

p = 0.13ns 

 

Acoustic 

velocity 

  −0.33 

 

(−0.76, 0.10) 

 

p = 0.91ns 

 

0.48 

 

(−0.27, 1.20) 

 

p = 5.29* 

 

 

−0.75 

 

(−1.8, 0.33) 

 

p = 0.71ns 

 

 

Volumetric 

shrinkage 

   −0.22 

 

(−0.83, 0.37) 

 

p = 0.03ns 

 

 

0.32 

 

(−0.24, 0.84) 

 

p = 0.87ns 

 

Dynamic MoE     −0.22 

 

(−0.89, 0.44) 

 

p = 0.08ns 

 

Growth strain 

(‘quartering’) 

    0.96 

 

(0.82, 1.10) 

 

p = 8.89* 

 

ns: not significant at p < 2; * significant at p > 2
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2.3.3.1 Growth strain 

The weak but significant phenotypic correlation between growth strain and dynamic MoE 

(rp = 0.12, CI95% 0.06, 0.18, p < 0.05, Table 2.3) was comparable with reports for similar aged 

E. tricarpa (rp = 0.23) (Nguyen, 2019), E. quadrangulata (rp = 0.10, Chapter 3) but lower than 

the earlier result for E. bosistoana on the same site (rp = 0.65) (Davies, 2019). Stronger 

correlations were also reported for 8-year-old E. dunnii (rp = 0.65) (Trugilho & Oliveira, 2008) 

and Castanea sativa (rp = 0.64) (Clair et al., 2003) using the CIRAD Forêt growth strain 

assessment.  

The lack of significant genetic correlation between the two traits (rg = −0.22, CI95% −0.89, 0.44, 

Table 2.4) differed from that reported for 2-year-old E. tricarpa (rg = 0.65) (Nguyen, 2019), E. 

bosistoana (rg = 0.33) (Davies, 2019) and E. quadrangulata (rg = 0.32) (Chapter 3); however, 

the 95% confidence intervals overlapped. The result reported in this study implies that both 

traits can be independently selected. See Chapter 3 for more detailed explanations. 

Air-dry density exhibited a significant but positive relationship with growth strain at the 

phenotypic but no significant correlation at the genetic level (rp = 0.10, CI95% 0.04, 0.16, Table 

2.3; rg = 0.12, CI95% 0.05, 0.18, Table 2.4). This implied that the two traits can be selected for 

independently. The phenotypic correlation agreed with previous studies on 2-year-old E. 

tricarpa (rp = 0.01) (Nguyen, 2019), E. quadrangulata (rp = 0.12) (Chapter 3), E. bosistoana 

(Davies, Apiolaza, et al., 2017) and old-growth E. globulus and E. nitens (Chafe, 1990; Yang 

& Ilic, 2003).  

The non-significant positive genetic correlation reported between growth strain and air-dry 

density was comparable to the result observed for 2-year-old E. quadrangulata (rg = 0.12) 

(Chapter 3), E. tricarpa (rg = −0.19, CI95% −0.61, 0.28) (Nguyen, 2019) and E. bosistoana (rg 

= −0.14, CI95% −0.37, 0.1) (Davies, 2019).  
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Growth strain was significantly but weakly correlated with volumetric shrinkage at the 

phenotypic level (rp = 0.14, CI95% 0.08, 0.20, p < 0.05, Table 2.3) comparable with the result 

for 2-year-old E. tricarpa (rp = 0.1) (Nguyen, 2019) and 2-year-old E. quadrangulata 

(rp = 0.12) (Chapter 3). However, a negative correlation was reported between the two traits 

for similar aged E. bosistoana (rp = −0.47, CI95% −0.68, −0.17) (Davies, Apiolaza, et al., 2017) 

planted on the same nursery site. Stronger correlations were reported for 9-year-old E. 

tereticornis (rp = 0.31) (Chauhan & Aggarwal, 2011) and 10-year-old E. nitens (rp = 0.42) 

(Chauhan & Walker, 2004). No significant correlation was observed between volumetric 

shrinkage and growth strain at the genetic level (rg = 0.32, CI95% −0.24, 0.84, Table 2.4). The 

genetic correlation reported in this study differed from reports from previous studies; E. 

quadrangulata (rg = 0.49, Chapter 3), E. bosistoana (rg = −0.16) (Davies, 2019), E. tricarpa (rg 

= −0.17) (Nguyen, 2019). The genetic correlation between the two traits is favourable and 

selection of trees with low growth strain and low volumetric shrinkage is desirable, and 

therefore improvement of these traits independently for wood quality will be feasible.  

2.3.3.2 Dynamic MoE 

There was a significant positive relationship between the dynamic MoE and air-dry density 

both at the phenotypic and genotypic level (rp = 0.52, CI95% 0.47, 0.56, (Table 2.3); rg = 0.91, 

CI95% 0.71, 1.1, (Table 2.4)). The association between density and stiffness was expected, as 

the dynamic MoE was derived from the product of air-dry density and the square of acoustic 

velocity. The correlations between the acoustic velocity and dynamic MoE was also strong and 

significant at the phenotypic level (rp = 0.87, CI95% 0.86, 0.89), but not significant correlation 

at the genetic level (rg = 0.48, CI95% −0.27, 1.2). Comparable phenotypic and genetic 

correlations were reported between acoustic velocity and dynamic MoE for 2-year-old E. 

tricarpa (rp = 0.93, rg = 0.93) (Nguyen, 2019) and E. bosistoana (rp = 0.96, rg = 0.98) (Davies, 

2019) as well as 4-year-old E. camaldulensis (Ishiguri et al., 2013). The high genetic 
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correlation observed between acoustic velocity and stiffness was beneficial, as the quickly 

measurable acoustic velocity can be used directly as a selection criterion for stiffness in a 

breeding programme (Kennedy et al., 2014). 

2.3.3.3 Volumetric shrinkage 

Volumetric shrinkage showed a significant positive phenotypic correlation with air-dry density 

(rp = 0.42, CI95% 0.37, 0.47, p < 0.05, Table 2.3) comparable with the result for 2-year-old E. 

tricarpa (rp = 0.42) (Nguyen, 2019), E. quadrangulata (rp = 0.34, Chapter 3) planted on the 

same site. However, no significant correlation was observed between the traits in 2-year-old E. 

bosistoana (rp = 0.13, CI95% 0.03, 0.22) (Davies, 2019). The genetic correlation between 

volumetric shrinkage and air-dry density was not significant (rg = 0.16, CI95% 0.02, 0.33, Table 

2.4), similar to E. bosistoana (rg = 0.22) (Davies, 2019), E. tricarpa (rg = 0.21) (Nguyen, 2019) 

and E. quadrangulata (rg = −0.18, CI95% −0.37, 0.02, Chapter 3) at age ~2- years. Generally, 

higher density wood showed higher volumetric shrinkage, as more water is removed from a 

given volume (Walker, 2006). Refer to Chapter 3 for further explanations.  

The absence of a significant correlation between the acoustic velocity and volumetric shrinkage 

(rp = −0.01, CI95% −0.07, 0.05) was also observed in 2-year-old E. tricarpa (rp = 0.01, CI95% 

−0.05, 0.08) (Nguyen, 2019) but not in 2-year-old E. bosistoana (rp = −0.37, CI95% −0.44, 

−0.29) (Davies, 2019) and 2-year-old E. quadrangulata (rp = −0.09, CI95% −0.12, −0.05) 

(Chapter 3). 

2.3.4 Genetic parameters of E. bosistoana at age 2 years 

The narrow sense heritabilities of E. bosistoana traits at age 2 years with an assumed 

relatedness coefficient (rc) of 0.25 were presented in Table 2.5. The heritability estimate for 

air-dry density was the highest at 1.2, followed by volumetric shrinkage (0.83), diameter (0.63), 

dynamic MoE (0.38) and growth strain assessed with the ‘quartering’ test (0.33). The estimates 
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for acoustic velocity (0.08) and growth strain assessed with the ‘splitting’ test (0.16) were 

lowest. 

 

Table 2.5: Estimated narrow sense heritability (h2) with the 95% confidence interval in 

brackets and coefficient of genetic variation for 24-month-old E. bosistoana.  

 

Property Heritability (CI95%) Coefficient of genetic 

variation (CGV) (%) 

Diameter 0.63 (0.26, 0.96) 

 

23.40 

 

 

Growth strain 

(‘splitting’) 

0.16 (0.07, 0.24) 

 

15.00 

 

 

Growth strain 

(‘quartering’) 

0.33 (0.08, 0.53) 23.00 

 

 

Acoustic 

velocity 

0.08 (−0.14, 0.28) 

 

1.50 

 

 

Dynamic MoE 0.38 (0.22, 0.54) 

 

7.65 

 

 

 

Volumetric 

shrinkage 

0.83 (0.22, 1.28) 

 

18.48 

 

 

Air-dry density 1.2 (0.46, 1.59) 

 

1.22 

 

 

2.3.4.1 Growth strain 

The genetic control of growth strain for the ‘splitting’ test was 0.16 (CI95% 0.07, 0.24) with a 

CGV of 15% (Table 2.5). Higher heritability values, but with overlapping 95% confidence 

intervals, were reported for the other assessments in this trial (E. tricarpa (0.32, CI95% 0.10, 

0.51) (Nguyen, 2019), E. bosistoana (0.23, CI95% 0.13, 0.34) (Davies, 2019) and E. 

quadrangulata (0.40, CI95% 0.26, 0.56) (Chapter 3).  

The heritability estimate for the ‘quartering’ test at 0.33 (CI95% 0.08, 0.53) was twice as high 

as that for the ‘splitting’ test. This could be attributed to the high additive genetic variance of 
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the former. Despite this higher heritability and genetic correlation between the two tests, no 

significant effect was noticeable in the genetic change of the ‘quartering’ test in section 2.3.2.  

The CGV (15%) for the ‘splitting’ test was similar to that of E. quadrangulata (CGV = 16.62%, 

Chapter 3) but lower than that for the ‘quartering’ test (CGV = 23.0%) and might be due to the 

higher genetic variance of the latter test.  

2.3.4.2 Diameter 

The average heritability for diameter was 0.63 (CI95% 0.26, 0.96) with a similar heritability 

estimate reported for E. bosistoana (h2 = 0.57, CI95% 0.39, 0.74) (Davies, 2019) and E. tricarpa 

(h2 = 0.75, CI95% 0.65, 0.87) (Nguyen, 2019) but higher than for E. quadrangulata (h2 = 0.20, 

CI95% 0.10, 0.31) (Chapter 3). The CGV of 23.40% reported for this species was higher than 

the value reported for E. quadrangulata (11.68%). The high heritability reported in this study 

might have contributed to the high genetic variability (CGV = 23.40%) and improving this trait 

through breeding can be achieved easily.  

2.3.4.3 Acoustic velocity and dynamic MoE 

The genetic control of the acoustic velocity was low (h2 = 0.08, CI95% −0.14, 0.28) while a 

moderate value was calculated for dynamic MoE (h2 = 0.38, (CI95% 0.22, 0.54)) with CGVs of 

1.50% and 7.65% respectively (Table 2.5). The low heritability for acoustic velocity differed 

from the other NZDFI eucalypts: 2-year-old E. tricarpa (h2 = 0.75, CI95% 0.37, 1.00) (Nguyen, 

2019), 2-year-old E. bosistoana (h2 = 0.8, CI95% 0.71, 0.89) (Davies, 2019) and 2-year-old E. 

quadrangulata (h2 = 0.67, CI95% 0.46, 0.85, Chapter 3).  

The heritability of dynamic MoE was similar to the reported heritability of 0.37 for 14-year-

old E. nitens (Blackburn et al., 2010) and 10-year-old E. pellita (h2 = 0.39) (Hung et al., 2015). 

Dynamic MoE heritabilities for other eucalypts were: h2 = 0.82 for 2-year-old E. bosistoana 

(Davies, Apiolaza, et al., 2017), h2 = 0.63 for 2-year-old E. tricarpa (Nguyen, 2019) and 

h2 = 0.26 for 9-year-old E. dunnii (Henson et al., 2004).  
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The low heritability and CGV observed here for acoustic velocity implied that no substantial 

genetic gain should be expected for acoustic velocity. However, there might be a possibility of 

genetic improvement of dynamic MoE. 

2.3.4.4 Volumetric shrinkage 

The volumetric shrinkage was highly heritable (h2 = 0.83; CI95% 0.22, 1.28) with a CGV of 

18.48% (Table 2.5) and comparable to the 2-year-old E. quadrangulata progeny trial 

(h2 = 0.92, CI95% 0.59, 1.2) (Chapter 3). Lower heritabilities, but overlapping 95% confidence 

intervals were reported for E. tricarpa (h2 = 0.30, CI95% 0.10, 0.51) (Nguyen, 2019) and E. 

bosistoana (h2 = 0.39, CI95% 0.23, 0.55) (Davies, 2019) at age ~2-year old. Volumetric 

shrinkage heritabilities for older eucalypts were h2 = 0.47 for 4-year-old E. nitens (Hamilton et 

al., 2004) and h2 = 0.56 to 0.87 for 9-year-old E. dunnii (Henson et al., 2004). The CGV 

reported for volumetric shrinkage was comparable to the value observed for 2-year-old E. 

quadrangulata (19.76%) (Chapter 3). 

2.3.4.5 Air-dry density 

The heritability estimate for air-dry density was 1.2 (CI95% 0.46, 1.59) with a CGV of 1.22% 

(Table 2.5) comparable to the results reported for E. tricarpa (h2 = 0.7, CI95% 0.34, 1.00) 

(Nguyen, 2019) and E. bosistoana (h2 = 0.7, CI95% 0.59, 0.81) (Davies, 2019) at the same age. 

Moderate heritability (h2 = 0.37, CI95% 0.18, 0.54), however with overlapping 95% intervals, 

was observed in 2-year-old E. quadrangulata (Chapter 3). The CGV (1.22%) of air-dry density 

was low, implying that improvements of this trait might be practically invisible.  

The confidence interval for some of the traits such as the volumetric shrinkage and air-dry 

density was above 1, which is outside the parameter space. The heritability estimated in this 

study might be upwardly biased because only one location was considered, and the 

environmental effect was not considered to explore the G X E effect on the traits. The open 

pollinated progeny testing used in this study may have a component of full-siblings and self-
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pollination, most probably not reflecting the assumption of pure half-sibling families. 

Generally, it is worth noting that the discrepancies in the result for all the traits as observed in 

the literature are the result of many factors. The relatedness assumption is likely to be one of 

the candidates, and the use of a single site in some of the studies can reduce the accuracy of the 

result. Refer to section 1.7 for more details.  

2.4 Conclusion 

Growth strain assessments by the ‘quartering’ test were genetically correlated to the ‘splitting’ 

test assessments but genetic improvement observed for the ‘quartering’ test was small. 

Therefore, it is better to continue using the ‘splitting’ test for assessing growth strain to 

minimise the effort of growth strain phenotyping.  

The properties of E. bosistoana showed promising genetic control variability for relevant traits, 

in agreement with similar studies. There was large variability in wood properties (growth strain, 

diameter, volumetric shrinkage, dynamic MoE), and improving the wood quality of this species 

could be possible through superior genetic selection. Due to the absence of strong correlation 

between most of the properties, they can be selected for independently.  
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Chapter 3. Genetic parameters of wood properties in 2-year old of 

Eucalyptus quadrangulata 

 

3.1 Introduction 

The New Zealand Dryland Forest Initiative (NZDFI) has selected five drought-tolerant 

eucalypts from Australia that will produce naturally durable timber to meet the demand of 

wood users both within and outside New Zealand (van Ballekom & Millen, 2017). Eucalyptus 

quadrangulata is one of the selected species planted by NZDFI as part of their breeding 

programme, to study its wood properties and genetic control in New Zealand. 

E. quadrangulata is a species in the subgenus symphyomyrtus and naturally grows on the 

eastern slopes and adjacent edges of the tablelands of Central and North coastal New South 

Wales, north from Bundanoon (Brooker & Kleinig, 1983). The species coppices vigorously 

after fire and harvesting. It has pale yellow heartwood, but the demarcation between the 

heartwood and sapwood in the stem is not well defined. The green density is around 1230 kg/m3 

and the air-dried density is approximately 1030 kg/m3. The wood is easy to dry, although it 

suffers from splitting if not properly dried (Bootle, 2005). The MoE is 17 GPa in green state 

and 18 GPa when dry. The wood from this species had been used in Australia by engineers in 

heavy construction for poles, cladding and piles (Bootle, 2005). Most importantly, for the 

NZDFI purpose of producing ground-durable timber posts, E. quadrangulata heartwood is 

rated class 2 for in-ground durability, lasting 15 to 25 years in service (AS5604, 2005).  

The use of plantation-grown eucalypts for solid wood products is hampered by their propensity 

to generate large growth stresses causing major defects (Yang & Waugh, 2001). Growth 

stresses are internal stresses in the stem (Kubler, 1988). These defects lead to dimensional 

instability of the wood (warping and splitting). Refer to section 1.3 on growth stresses for more 

details.  
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Growth stresses in eucalypts are under genetic control and therefore can be reduced through 

breeding (Davies, Apiolaza, et al., 2017; Henson et al., 2004; Murphy et al., 2005). For more 

details on the genetic control of growth strain refer to section 1.3.2. 

Different methods have been developed to assess growth stresses in older standing trees 

(Baillères et al., 1994; Muneri et al., 1999; Murphy et al., 2005; Nicholson, 1971). For more 

details on the different methods of assessing growth strain refer to section 1.3.3. The ‘splitting’ 

test allowed the incorporation of growth-strain in a breeding programme (Chauhan & 

Entwistle, 2010; Davies, 2019; Davies, Apiolaza, et al., 2017). Selection at a young age will 

shorten the breeding cycle and can increase the economic gain per year (Apiolaza, 2009).  

There is little information on genetic parameters of wood properties of E. quadrangulata, 

although a number of trials were established in the past to evaluate its basic wood properties 

(Bootle, 2005; Poynton, 1979). However, these studies included a limited number of samples 

and concerned species averages rather than genetic parameters. Evaluation of the genetic 

parameters for a breeding programme needs more genotypes than were used in the previous 

studies.  

This study used a progeny trial of E. quadrangulata to estimate breeding values of wood 

properties for 83 E. quadrangulata families at age ~ 2-years. Wood properties included growth 

strain, acoustic velocity, dynamic MoE, air-dry density and volumetric shrinkage. The genetic 

correlation between the wood traits were estimated to understand the correlated response to 

selection on a given trait. The expected genetic gain was also calculated. 

3.2 Materials and methods 

3.2.1 Trial 

A progeny trial with 83 E. quadrangulata families was established at Woodville, New Zealand 

in November 2016 as part of the NZDFI breeding trials. The trial site has been described in 

Chapter 2. The trial was set up in a randomized complete block design with eight trees in a plot 
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and six replicates for each family amounting to a total of 3,984 trees tested for wood properties. 

All seedlings were planted at 1.0 m spacing within and 0.9 m between rows. The trial had the 

same silvicultural maintenance as stated in Chapter 2 and were harvested in two batches in June 

(6th to 8th and 20th to 22nd) 2018 for wood properties assessment (Figure 3.1). 

 

Figure 3.1: E. quadrangulata at age 20-months during harvest. Standing stumps were 

subsequently cut close to the base and collected for wood property assessments. 

 

3.2.2 Sample preparation for wood properties assessment 

All the trees from the trials were harvested, leaving a 5 cm stump above the ground to coppice, 

to allow propagation of selected plants after destructive wood properties assessments. Samples 

were debarked and assessed for the wood properties studied, as discussed in Chapter 2.  

3.2.3 Statistical analyses 

3.2.3.1 Genetic analyses 

All data were analysed using R statistical software (R Core Team, 2019). The same genetic 

analyses previously discussed in Chapter 2 were used. 
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3.2.3.2 Genetic gain 

The breeding values for all the 83 families were computed and ranked based on their 

performance from the highest to the lowest. The breeding values of the top 1, 5, 10, 20, 50, 95 

and the worst 5 of the families were selected for one trait to determine the genetic gain by 

estimating the mean of the breeding values of the families selected (Gs). The genetic gain in 

percentage was estimated using the equation below. 

𝐺𝑒𝑛𝑒𝑡𝑖𝑐 𝑔𝑎𝑖𝑛(%) =  
𝐺𝑠

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑛
 ×  100    Equation 3.1 

 

3.3 Results and discussion 

The descriptive statistics for diameter, growth strain, acoustic velocity, dynamic MoE, 

volumetric shrinkage and air-dry density are presented in Table 3.1.  

In this study, the diameter of the E. quadrangulata trees ranged from 11.7 to 78.2 mm with an 

average of 34.8 mm at age 20 months (Table 3.1). The average mean reported for E. 

quadrangulata growth was significantly higher than the values reported for other Eucalyptus 

species grown at the same site and age. Mean values of 25.7 mm, 28.9 mm and 23.6 mm were 

reported for E. sideroxylon, E. bosistoana and E. tricarpa respectively (Altaner, 2019), as well 

as 32.3 mm for E. bosistoana (Chapter 2). E. quadrangulata was reported to be a fast-growing 

species (Poynton, 1979). Growth was highly variable with a CPV of 25.86% in diameter. 

Comparable coefficients of variation were reported in the literature. Nguyen (2019) reported 

27.41% for E. tricarpa, and Altaner (2019) reported 25.71% for E. sideroxylon; Davies (2019) 

found a value of 23.70% for E. bosistoana at age ~2-years, as well as 29.10% for E. bosistoana 

(Chapter 2). Variability is one requirement next to the level of genetic control for genetic 

improvement.  
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Table 3.1: Summary statistics of E. quadrangulata wood properties at age ~2-years; 

Coefficient of phenotypic variation (CPV) with 3984 samples tested. 

 

Trait Mean Standard 

deviation 

Min Max CPV (%) 

Diameter (mm) 34.8 

 

9.0 

 

11.7 

 

78.2 

 

25.86 

 

Growth strain 

(µɛ) 

1784 

 

 

469 

 

458 

 

4741 

 

26.28 

 

Acoustic 

velocity (km/s) 

4.42 

 

0.21 

 

3.46 

 

5.20  

 

4.75 

 

 

Dynamic MoE  

(GPa) 

12.9 

 

1.4 

 

6.9  

 

18.4 

 

10.85 

 

 

Volumetric 

shrinkage (%) 

19.0 3.9 

 

7.1 

 

36.1 

 

20.53 

 

 

Air-dry density 

(kg/m3) 

656 

 

40 

 

544 

 

875  

 

6.09 

 

 

The growth strain ranged from 458 to 4741 µɛ, with a mean value of 1784 µɛ. The growth 

strain reported here was similar to the average value (1735 µɛ) observed for E. tricarpa at a 

similar age (Nguyen, 2019). This was lower than that reported for E. bosistoana (2072 µɛ) on 

the same experimental site and same age (Davies, 2019) and 1908 µɛ for the same E. bosistoana 

(Chapter 2). Growth strain is one of the criteria for measuring the wood quality of eucalyptus 

species as it usually reduces the value of usable timber and varies between and within the 

species. Growth stresses may differ with age and site (Chauhan & Aggarwal, 2011; Raymond 

et al., 2004). The only comparable studies reported lower growth strain values in eucalypts: 

883 µm-1 for 9-year-old E. dunnii (Murphy et al., 2005) and 898 µɛ for 10-year-old E. nitens 

(Chauhan & Walker, 2004). In these studies, growth strain was measured with strain gauges 

on standing trees rather than with the ‘splitting’ test. This could have contributed to the lower 

values, as such a bias was reported between the two methods (Guo & Altaner, 2019). Further, 

as growth strain is known to increase with reducing MFA (Wahyudi et al., 1999), which in turn 

typically decreases with cambial age (Lachenbruch et al., 2011), growth strain would be 

expected to increase with age (Beltrame et al., 2013; Biechele et al., 2009; Trugilho et al., 
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2004). The variation (CPV = ~26.3%) was large, benefitting a breeding programme and similar 

to same aged E. bosistoana (36.4%), E. tricarpa (43.7%) and E. sideroxylon (35.1%) (Altaner, 

2019) grown at the same site. Large variations in growth strain of older eucalyptus trees were 

reported previously (Boyd, 1980; Malan, 1988; Nicholson, 1973).  

The acoustic velocity ranged from 3.46 to 5.20 km/s with a mean of 4.42 km/s and a CPV of 

4.75% at age 20-months. E. quadrangulata therefore had higher acoustic velocity than E. 

tricarpa (3.80 km/s) (Nguyen, 2019), E. bosistoana (3.70 km/s) (Davies, 2019), E. sideroxylon 

(3.79 km/s), E. argophloia (3.62 km/s) (Altaner, 2019) and E. bosistoana (3.92 km/s) (Chapter 

2) planted on the same site and assessed at a similar age. The higher acoustic velocity suggested 

a lower MFA in E. quadrangulata at young age. Acoustic velocity is a surrogate measure of 

MFA in wood and high acoustic velocity is characterised by low MFA in the wood cells 

(Chauhan & Walker, 2006). Comparable values were reported for other eucalypts. Ishiguri et 

al. (2013) reported 2.76 to 4.35 km/s (average = 3.45 km/s) having a CPV of 1.04% for 4-year-

old E. camaldulensis, Prasetyo et al. (2017) reported 3.18 to 3.35 km/s with CPV of 0.9% for 

three different eucalypts at 9 years old and both studies used a stress-wave timer (Fakopp). 

Blackburn et al. (2010) reported 3.18 to 3.36 km/s with a CPV of 5.1% for 14-year-old E. nitens 

using the Hitman tool, and Sharma (2013) reported 2.82 km/s for 34-month-old P. radiata 

using the WoodSpec resonance tool. The difference in measurement technique might have 

contributed to these differences. With the small CPV observed in this study, it may be difficult 

to improve acoustic velocity through selective breeding.  

The average air-dry density was 656 kg/m3 and ranged from 544 to 875 kg/m3 with a CPV of 

6.09%. This supported the result by Sharma and Altaner (2017) who reported 691 kg/m3 for 

this species at 2 years old. The air-dry density of E. quadrangulata was lower than the other 

eucalyptus species in the NZDFI programme. While Davies (2019) reported an average of 

816 kg/m3 with a CPV of 5.80% for E. bosistoana, Nguyen (2019) found a mean of 780 kg/m3 
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with a CPV of 5.08% for E. tricarpa, and a mean of 822 kg/m3 with a CPV of 5.47% was 

observed for E. bosistoana (Chapter 2) planted on the same experimental site. The small CPV 

of 6.09% for air-dry density for E. quadrangulata was similar to that reported for other eucalypt 

species, and consequently breeders face challenges in changing the air-dry density through 

breeding. An air-dry density of 1030 kg/m3 was reported for Australian old-growth E. 

quadrangulata (Bootle, 2005). 

The mean dynamic MoE was 12.9 GPa and varied from 6.9 GPa to 18.4 GPa. However, the 

stiffness was lower than the static MoE of 18 GPa reported for Australian old-growth E. 

quadrangulata (Bootle, 2005). This was to be expected, as cambial age has a strong influence 

on MoE (Lachenbruch et al., 2011). The average dynamic MoE was higher than the average 

11.2 GPa reported for E. bosistoana (Davies, 2019) and 11.4 GPa for E. tricarpa (Nguyen, 

2019) at the same age planted on the same site. The MoE of the 20-month-old E. quadrangulata 

was similar to that of 4-year-old E. camaldulensis (11.7 GPa) (Ishiguri et al., 2013). It is 

noteworthy that E. quadrangulata was three to four times stiffer than the main commercial 

New Zealand plantation tree species P. radiata at the same age (Chauhan et al., 2013; Sharma, 

2013). Higher stiffness in the wood can be attributed to higher density and the higher acoustic 

velocity  caused by a low MFA (Equation 2.7 in Chapter 2) (Evans & Ilic, 2001; Wu et al., 

2013). Compared to E. bosistoana and E. tricarpa, E. quadrangulata appeared to have a 

considerably lower MFA at a young age, resulting in higher dynamic MoE at lower density. 

The CPV reported for E. tricarpa (15.81%) (Nguyen, 2019) and E. bosistoana (16.96%) 

(Davies, 2019) was higher than the value of E. quadrangulata (10.85%) and consequently the 

dynamic MoE of E. bosistoana and E. tricarpa might be easier to improve through breeding 

than that of E. quadrangulata.  

The volumetric shrinkage ranged from 7.1% to 36.1%, with a mean of 19.0% and had a CPV 

of 20.53%. In the study conducted by Nguyen (2019), an average of 15.4% with a CPV of 
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19.3% was reported for E. tricarpa, and Davies (2019) found a mean of 20.0% with CPV of 

20% for E. bosistoana, and a mean of 20.1% with a CPV of 20.39% was described for the same 

E. bosistoana in Chapter 2 at the same age. Volumetric shrinkage for E. quadrangulata was 

higher than that of E. tricarpa but lower than E. bosistoana. The CPVs for the three species 

were similar and also matched that reported for 1-year-old E. regnans (mean 18%; 

CPV = 19.63%) (Chauhan & Walker, 2011). The high variability and heritability observed for 

shrinkage indicates that it should be possible to select for this trait. Bootle (2005) stated that E. 

quadrangulata dried easily, displaying little collapse and with a tendency to cup or check in 

the region around the pith (Poynton, 1979).  

3.3.1 Phenotypic and genotypic correlations between wood properties 

The phenotypic and genotypic correlations between the wood properties assessed in this study 

are presented in Table 3.2 and Table 3.3 respectively. 

3.3.1.1 Growth strain 

This experiment was designed to understand if it was possible to reduce the negative effect of 

growth strain on solid wood processing through genetic selection. Therefore, correlations with 

other traits were of interest. The phenotypic and genetic correlations between growth strain and 

diameter were rp = 0.14 and rg = 0.07 for E. quadrangulata at age ~2 years. Therefore, selection 

for low growth strain would have little effect on the diameter, and the two traits can be selected 

for independently. Similar findings were reported for equally aged E. bosistoana (Davies, 

Apiolaza, et al., 2017), E. tricarpa (Nguyen, 2019) and E. bosistoana (Chapter 2). For older 

trees, for example, 8- and 13-year-old E. dunnii (Trugilho et al., 2004) and 10-year-old E. 

globulus (Yang et al., 2001), a negative phenotypic relationship between the traits was reported.  
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Table 3.2: Phenotypic correlations between the traits with the 95% confidence interval in 

brackets for 2-year-old E. quadrangulata (3984 samples tested).  
 

ns: not significant at p > 0.05; * significant at p < 0.05 

Trait Air-dry density Acoustic velocity Volumetric 

shrinkage 

Dynamic MoE Growth strain 

Diameter −0.12 

 

(−0.15, −0.09)  

 

p = 2.1e−11* 

−0.06 

 

(−0.09, −0.04) 
 

p = 0.000* 

0.19 

 

(0.16, 0.22) 

 

p = 2.2e−16* 

−0.11  

 

(−0.15, −0.08) 

 

p = 1.1e−11* 

0.14 

 

(0.11, 0.18) 

 

p = 2.2e−16* 

Air-dry 

density 

 −0.05 

 

(−0.08, −0.02) 

 

p = 0.005* 

0.34 

 

(0.31, 0.37) 
 

p = 2.2e−16* 

0.50 

 

(0.48, 0.53) 
 

p = 2.2e−16* 

0.03 

 

(−0.05, 0.06) 

 

p = 0.05ns 

Acoustic 

velocity 

  −0.09 

 

(−0.12, −0.05) 

 

p = 7.5e−07* 

0.84 

 

(0.82, 0.85) 

 

p = 2.2e−16* 

0.10 

 

(0.06, 0.13) 
 

p = 1.9e−08* 

Volumetric 

shrinkage 

   0.11 

 

(0.08, 0.14) 

 

p = 9.6e−11* 

 

 

0.12 

 

(0.09, 0.15) 
 

p = 4.1e−13* 

Dynamic 

MoE 

    0.10 

 

(0.07, 0.13) 

 

p = 6.2e−10* 
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The significant phenotypic correlation between growth strain and dynamic MoE (rp = 0.10) in 

the young E. quadrangulata was similar to that of 10-year-old E. globulus (Yang et al., 2006; 

Yang & Ilic, 2003). The genetic correlation between the traits was stronger and significant 

(rg = 0.32), matching those for 2-year-old E. bosistoana (rg = 0.33) (Davies, 2019) and E. 

tricarpa (0.65) (Nguyen, 2019). Consequently, selection for low growth strain could lead to a 

decrease in dynamic MoE. However, with a dynamic MoE of 12.9 GPa (Table 3.1) some 

reduction could be acceptable if standard structural products are targeted, as the wood stiffness 

required for structural application in New Zealand can be as low as 6 GPa (NZ3603, 1993). 

Growth strain was found to be independent and not significant from air-dry density (rp = 0.03). 

This agreed with reports for other eucalypts: 34-year-old E. grandis (Malan & Hoon, 1992), 

10-year-old E. globulus (Yang & Ilic, 2003), 10-year-old E. cloeziana (Muneri et al., 1999), 

10-year-old E. nitens (Chauhan & Walker, 2004), 5-year-old E. tereticornis (Aggarwal & 

Chauhan, 2013), 2-year-old E. tricarpa (Nguyen, 2019) and 2-year-old E. bosistoana (Davies, 

2019).  

Growth strain showed significant positive genetic (rg = 0.49) and significant phenotypic 

(rp = 0.12, p < 0.05) correlations to volumetric shrinkage in the young E. quadrangulata trees. 

In contrast, negative correlations were reported between the traits for ~2-year-old E. tricarpa 

(rg = −0.17) (Nguyen, 2019) and E. bosistoana (rg = −0.16) (Davies, 2019). Chauhan and 

Walker (2004) found that wood of trees with the lowest growth strain had statistically 

significant lower volumetric shrinkage and therefore exhibited a lower degree of drying defects 

such as collapse and internal checking.  
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Table 3.3: Genetic correlations between the traits with the 95% confidence interval in 

brackets for 2-year-old E. quadrangulata (3984 samples tested). 
 

Trait Air-dry density Acoustic velocity Volumetric 

shrinkage 

Dynamic MoE Growth strain 

Diameter −0.22 

 

(−0.55, 0.15) 

 

p = 1.52ns 

0.13 

 

(−0.20, 0.46) 

 

p = 0.69ns 

 

0.28 

 

(−0.04, 0.49) 

 

p = 1.36ns 

0.03 

 

(−0.30, 0.36) 

 

p = 0.01ns 

0.07 

 

(−0.20, 0.35) 

 

p = 0.20ns 

 

Air-dry  

Density 

 0.38 

 

(0.07, 0.49) 

 

p = 1.86ns 

 

−0.18 

 

(−0.37, 0.02) 

 

p = 0.05ns 

 

0.68 

 

(0.34, 0.98) 

 

p = 16.45* 

 

 

0.12 

 

(−0.27, 0.42) 

 

p = 0.09ns 

 

Acoustic 

velocity 

  0.27 

 

(−0.01, 0.49) 

 

p = 1.80ns 

 

0.94  

 

(0.56, 1.36) 

 

p = 60.14* 

 

 

0.35 

 

(0.06, 0.45) 

 

p = 3.87* 

 

 

Volumetric 

shrinkage 

   0.14 

 

(0.08, 0.16) 

 

p = 1.33ns 

 

 

0.49 

 

(0.15, 0.54) 

 

p = 6.44* 

 

Dynamic 

MoE 

    0.32 

 

(0.12, 0.43) 

 

p = 2.92* 

 

ns: not significant at p < 2; * significant at p > 2
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3.3.1.2 Diameter 

Diameter was largely independent of wood properties in this study. This agreed with reports 

for other eucalypts finding no significant correlation between diameter and acoustic velocity 

in E. alba (rp = 0.17) (Wahyudi et al., 2015) and a correlation to dynamic MoE in 4-year-old 

E. camaldulensis was rp = 0.32 (Ishiguri et al., 2013). Significant phenotypic (rp = −0.12, p < 

0.05) but no significant genetic correlation (rg = −0.22) was observed between diameter and 

air-dry density for young E. quadrangulata (Table 3.2, Table 3.3). 

The  phenotypic correlations observed between the two traits in the literature were; E. 

bosistoana (−0.25) (Davies, 2019), E. nitens (−0.27) (Hamilton & Potts, 2008), E. cloeziana 

(−0.17) (Muneri et al., 1999), E. urophylla (−0.36) (Wei & Borralho, 1998) or E. globulus 

(−0.58) (Apiolaza et al., 2005). Genetic correlation between diameter and density tend to be 

more negative at younger age for E. nitens (Kube, 2005).  

E. quadrangulata is a high-density wood and reducing its density might be desirable for some 

applications. Therefore, the small reduction considering the correlation and low CPV, as a 

result of increasing growth, might be desirable.  

3.3.1.3 Dynamic MoE 

There were high significant positive phenotypic and genetic correlations between acoustic 

velocity and dynamic MoE (rp = 0.84, rg = 0.94). This was expected as the dynamic MoE was 

determined from the product of the squared acoustic velocity and air-dry density (Equation 2.7 

in Chapter 2). Similarly strong relationships were reported for E. bosistoana at age ~2 

(rp = 0.96, rg = 0.94 (Davies, 2019)), E. tricarpa (rp = 0.93, rg = 0.93 (Nguyen, 2019)) at age 

~2, and 4-year-old E. camaldulensis (rp = 0.64) (Ishiguri et al., 2013) or 9-year-old E. dunnii 

(rp = 0.67) (Dickson et al., 2003). The correlation tends to drop for older trees as the MFA 

reduces and becomes less variable, giving density a greater role: for example, see Farrell et al. 

(2008) who reported rp = 0.51 between these traits for E. dunnii when 13 to 15 years old. The 
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moderate relationship between density and dynamic MoE (rp = 0.50 and rg = 0.68) reflected 

existing knowledge (Blackburn et al., 2010; Evans & Ilic, 2001).  

The high significant genetic correlation observed between acoustic velocity and dynamic MoE 

implied that acoustic velocity can be used directly as a selection criterion for dynamic MoE in 

a tree breeding programme. 

3.3.1.4 Volumetric shrinkage  

A significant positive phenotypic correlation was observed between volumetric shrinkage and 

air-dry density (rp = 0.34, p < 0.05) (Table 3.2) whereas there was no significant correlation 

between the two traits at the genetic level (Table 3.3). Similar phenotypic correlations were 

reported for E. tricarpa (rp = 0.42) (Nguyen, 2019) and E. bosistoana (rp = 0.27) (Davies, 

Apiolaza, et al., 2017). The genetic correlation reported in this study disagreed with the 

findings for E. tricarpa (rg  =  0.21) (Nguyen, 2019) and E. bosistoana (rg = 0.13) (Davies, 2019) 

at the same age. In general, high-density wood results in more volumetric shrinkage, since more 

water is removed from a given volume (Walker, 2006). The phenotypic correlation reported in 

this study agreed with this theory. However, eucalypts often show an abnormal form of 

shrinkage, termed collapse, manifested by buckling of the cell walls during the removal of free 

water in the cell lumens by negative pressure (Chafe et al., 1992). The phenomenon of collapse 

is associated with lower density, as such timber is characterised by thinner, and hence weaker, 

cell walls. Visually, E. quadrangulata typically showed little collapse (Figure 3.2), verifying 

reports of good drying properties (Poynton, 1979).  
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Figure 3.2: Typical dried samples of 2-year-old E. quadrangulata showing no sign of collapse. 

 

3.3.2 Heritability and coefficient genotypic of variation  

The narrow sense heritabilities (h2) and coefficients of genetic variation (CGV) were estimated 

for diameter, growth strain, acoustic velocity, dynamic MoE, volumetric shrinkage and air-dry 

density in E. quadrangulata (Table 3.4). 
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Table 3.4: Estimated narrow sense heritability (h2) with the 95% confidence interval in 

brackets and coefficient of genetic variation of wood traits of 2-year-old E. quadrangulata.  

 

Trait Heritability (CI95%) Coefficient of genetic 

variation (CGV) (%) 

Diameter 0.20 (0.10, 0.31) 

 

11.68 

 

Growth strain 0.40 (0.26, 0.56) 

 

16.62 

 

Acoustic 

velocity 

0.67 (0.46, 0.85) 

 

3.82 

 

 

Dynamic MoE 0.79 (0.53, 1.0) 

 

9.69 

 

 

Volumetric 

shrinkage 

0.92 (0.59, 1.2) 

 

19.76 

 

 

Air-dry density 0.37 (0.18, 0.54) 

 

3.64 

 

 

Heritability values are difficult to compare between studies as the true relatedness (rc) within 

the population is typically unknown and different assumptions are made. The estimated 

heritability for diameter was 0.20 (CI95% 0.10, 0.31) with a CGV of 11.68% for the assumed 

half-sib (rc = 0.25) progeny trial used in this study. The heritability for diameter of other NZDFI 

species at the same age and site was 0.76 using a relatedness factor rc of 0.4 for E. bosistoana 

(Davies, 2019) and 0.75, assuming rc = 0.25 for E. tricarpa (Nguyen, 2019). The estimates of 

heritability in this species might be biased because of the unknown relatedness and the fact that 

the assessments were restricted to one site and heritabilities are usually population dependent 

(White et al., 2007). Establishing the relatedness in this breeding population should be assessed 

in future studies. Typically, heritability of diameter in tree species is low with reports ranging 

from 0.11 to 0.45 for eucalypts (Table 3.5). 
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Table 3.5: Literature review of heritability (h2) values for diameter in different eucalypts. 

 

Species h2 Reference 

E. globulus 0.16 to 0.33 McDonald et al. (1997); Muneri and Raymond 

(2000); Raymond and Apiolaza (2004); Volker et 

al. (1990)  

E. cladocalyx 0.14  Vargas-Reeve et al. (2013) 

E. urophylla 0.11 to 0.41 Wei and Borralho (1998) 

E. nitens 0.12 to 0.45 Kube et al. (2001); Hamilton and Potts (2008)          

E. regnans 0.12 to 0.35 Raymond (1995) 

 

The estimated heritability for growth strain was 0.40 (CI95% 0.26, 0.56) and the CGV of 16.62% 

(Table 3.4). Davies (2019) reported a higher heritability of 0.63 (CI95% 0.28, 0.98) for E. 

bosistoana, while Nguyen (2019) observed a similar value of 0.32 (CI95% 0.10, 0.51) for E. 

tricarpa, for trees grown at the same site at a similar age. It should be noted that the h2 estimates 

had wide, overlapping 95% confidence intervals. Moderate heritability of growth strain in 

eucalypts was also reported by other research groups: h2 = 0.3 to 0.5 in 9-year-old E. dunnii 

using the strain gauge method (Murphy et al., 2005) and h2 = 0.52 (0.27 standard error) for 9-

year-old E. dunnii (Henson et al., 2004). Overall the potential for growth strain to be modified 

by breeding was similar to that of diameter growth with similar heritability and CGV (11.68%) 

(Table 3.4). 

Furthermore, with the coefficient of genetic variation of 16.62% estimated for E. 

quadrangulata at 2 years old, there could be a possibility to genetically improve the properties 

of individual trees through selection.  

The heritability for air-dry density in this study was moderate (h2 = 0.37, CI95% 0.18, 0.54). 

Comparing with other NZDFI eucalyptus species, E. quadrangulata displayed lower 
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heritability. Davies (2019) reported a heritability value of 0.54 for E. bosistoana and Nguyen 

(2019) estimated h2 = 0.70 for E. tricarpa. Lower heritabilities, comparable to E. 

quadrangulata have been reported for other eucalypts: h2 = 0.43 for 4- to 8-year-old E. nitens 

(Tibbits & Hodge, 1998), h2 = 0.35 for 27- to 44-year-old E. regnans (Rudman et al., 1970), 

h2 = 0.23 to 0.25 for 10-year-old E. pellita (Hung et al., 2015) and h2 = 0.28 to 0.42 in 4-year-

old E. globulus (Sanhueza et al., 2002). 

The h2 values for acoustic velocity and dynamic MoE were 0.67 and 0.79 with a CGV of 3.82% 

and 9.69%, respectively, and higher than moderate heritabilities of diameter, growth strain and 

air-dry density (Table 3.4). 

Similarly high heritability estimates for dynamic MoE were reported for young 2-year-old E. 

bosistoana (h2 = 0.82) and E. tricarpa (h2 = 0.63) (Davies, 2019; Davies, Apiolaza, et al., 2017; 

Nguyen, 2019). However, lower MoE heritabilities were typically reported for older eucalypts: 

0.26 (0.30 standard error) in 9-year-old E. dunnii (Henson et al., 2004); 0.50 (CI95% 0.14, 0.71) 

in 8-year-old E. grandis using static bending (Santos et al., 2004) or 0.36 and 0.51 for 10-year-

old E. pellita (Hung et al., 2015). The effect of age on the heritability might be caused by 

reduced variability, that is, a low and stable MFA in wood originating from older cambium. 

The coefficient of genetic variation was low for acoustic velocity compared with that of 

Blackburn et al. (2010) who reported 4.7% for 14-year-old E. nitens but improvement could  

probably be made through selection for MoE.  

The species used in this study expressed high heritability for volumetric shrinkage (h2 = 0.92, 

CI95% 0.59, 1.2). The confidence interval value exceeded the parameter space. This might here 

be the result of assuming a wrong relatedness coefficient, inbreeding effects or sampling issues; 

moreover, there is no restriction in the calculation to force it to be within bounds. Lower 

heritabilities were reported for similarly aged E. bosistoana (h2 = 0.29, CI95% 0.13, 0.45) 
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(Davies, 2019) and E. tricarpa (h2 = 0.30, CI95% 0.10, 0.51) (Nguyen, 2019). Henson et al. 

(2004) reported similar result for E. quadrangulata for tangential shrinkage (h2 = 0.87, 0.99, 

0.70) in E. dunnii at 75, 102, 108-months old respectively. Klápště et al. (2017) found moderate 

heritability of 0.27 to 0.41 for tangential shrinkage in 7-year-old E. nitens and Kube (2005) 

reported heritability values of 0.29 to 0.44 for tangential shrinkage in E. nitens. The volumetric 

shrinkage displayed high genetic variation (CGV = 19.76%) which could lead to selections for 

volumetric shrinkage and substantial genetic gain. 

Overall, the wood properties were under genetic control and they should be able to respond 

well to selection in a tree breeding programme. However, a problem of predicting wood 

properties in trees at young age is that they change during the life of the tree, implying that the 

properties at young age will not necessarily relate to older ages. Age-to-age correlations should 

also be considered, as it should be verified that selections at young age result in desirable wood 

properties at harvest age (Davies, 2019). Refer to section 1.7.1 for more details.  

Age to age correlation has been reported for some wood properties in the literature. Genetic 

correlation of 0.86 was reported for ring density at age 3 years with ring density at harvest age 

and increased to 0.96 at age 10 years in radiata pine (Kumar & Lee, 2002). Lu and Charrette 

(2008) reported average genetic correlation of 0.96 between tree heights at ages 6 and 11 and 

0.88 between age 6 and 19 years for black spruce.    

3.3.3 Genetic gain 

The predicted genetic gains for individual E. quadrangulata wood traits at young age are 

presented in Table 3.6 for numerous selection intensities. The expected genetic gain was 

estimated based on the performance of the breeding values of each family for individual traits.  

In practise more than one trait is included in the objectives of a breeding programme and 

compromises are needed. This academic work provides the information for such strategic 

decisions, which need to be made by the industry. 
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Table 3.6: Genetic gains for individual traits of E. quadrangulata wood properties at age 20-

months when selected individually. Percentage change compared to the population mean in 

bracket. 
 

Trait Top 1 Top 5 Top 10 Top 20 Top 50 Top 95 Bottom 5 

Growth strain  

(µɛ) 

 

−556 

(−31.17%) 

−523 

(−29.31%) 

−465 

(−26.07%) 

−341 

(−19.11%) 

−199 

(−11.15%) 

−29 

(−1.63%) 

582 

(32.62%) 

Stiffness  

(GPa) 

 

2.8 

(21.70%) 

2.5 

(19.38%) 

2.1 

(16.28%) 

1.6 

(12.40%) 

0.9 

(6.98%) 

0.1 

(0.78%) 

−2.3 

(−17.83%) 

Acoustic  

(km/s) 

 

0.44 

(9.95%) 

0.33 

(7.47%) 

0.28 

(6.33%) 

0.21 

(4.75%) 

0.12 

(2.83%) 

0.016 

(0.36%) 

−0.32 

(−7.24%) 

Volumetric  

shrinkage (%) 

−6.6 

(−34.74%) 

−5.8 

(−30.53%) 

−5.3 

(−27.90%) 

−4.5 

(−23.68%) 

−2.7 

(−14.21%) 

−0.3 

(−1.58%) 

6.6 

(34.74%) 

        

Diameter  

(mm) 

6.8 

(19.54%) 

6.1 

(17.53) 

5.1 

(14.66%) 

4.1 

(11.78%) 

2.3 

(6.61%) 

0.3 

(0.86%) 

−6.8 

(−19.54%) 

        

Air-dry density 

(kg/m3) 

 

57.9 

(8.83%) 

39.8 

(6.10%) 

34.1 

(5.20%) 

26.4 

(4.02%) 

14.4 

(2.19%) 

1.7 

(0.26%) 

−33.8 

(−5.15%) 

 

 

The genetic gain increased with selection intensity. However, to maintain broad genetic gain 

for future generations, removing the worst performing families might be preferable. While 

culling the worst performing 5% of the families only slightly improved the average of the 

remaining 95%, the removed material is likely to cause the majority of the problems. For 

example, the predicted genetic gain for growth strain reduced by 1.63% when culling the worst 

performing 5% of families, but the removed trees had an average growth strain 32.62% above 

the mean. A target for growth strain has not yet been established for the species. 

The estimated genetic gain was largest for volumetric shrinkage and growth strain (~30% for 

the top 1% families), followed by diameter and dynamic MoE (~20% for the top 1% of 

families) and air-dry density and acoustic velocity (~10% for the top 1% of families). 

Swain et al. (2013) reported genetic gain for E. nitens at 94- to 113-month old, ranging from 

0.29 to 3.17 cm (1.7% to 20.70%) with selection intensity ranging from 1.2% to 1.5% within 
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the families. On the other hand, Apiolaza et al. (2005) reported empirical genetic gain of 4.3% 

for diameter in E. globulus by selecting the top 10% individual trees. Considering the top 1% 

and 5% selection, the genetic gain reported in this study was similar to Leksono et al. (2008), 

who reported 19% for 1- to 3-year-old E. pellita with a selection rate ranging from 5.2% to 

18.6%. An approximately 40% to 50% selection intensity in the first generation of 36- to 58-

month E. pellita resulted in a genetic gain of 3.9% (Leksono & Kurinobu, 2005).  

Expected genetic gains for density of E. quadrangulata at early age were comparable to the 

result of Apiolaza et al. (2005), with an empirical gain of 7.9% for density in 11-year-old E. 

globulus when the top 10% of the individual trees were selected.  

Despite the low achievable genetic gain for air-dry density and acoustic velocity, reasonable 

genetic gains of up to ~20% were predicted for dynamic MoE, which is determined from air-

dry density and acoustic velocity (Equation 2.7 in Chapter 2).  

The ranking of the breeding values for diameter, growth strain, dynamic MoE and volumetric 

shrinkage were based on their above and below average family performance (Table 3.7). If the 

target of the breeder is to improve the growth (diameter) and the growth strain in the species 

simultaneously, 20 families met both criteria. If dynamic MoE was also taken into 

consideration, as the sawmiller might be interested in stiff wood, the selection narrowed down 

to 9 families. Eucalyptus wood is known to have high shrinkage (Ilic, 1999; Yang & Liu, 2018). 

Therefore, if families with additional low volumetric shrinkage are desired, the number of 

families meeting all requirements reduced to only 2. 

Maintaining broad genetic variation is always of interest in a breeding programme. In the 

absence of breeding targets, the breeding values for diameter, growth strain and volumetric 

shrinkage superior to the population averages could be considered (Figure 3.3).  
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Figure 3.3: Relationship between breeding values of diameter and growth strain for 83 E. 

quadrangulata families at age ~2-years with the below-average families for volumetric 

shrinkage highlighted in red. 

 

The target of the NZDFI breeding programme is fast-growing families with improved wood 

properties. Approximately 25% of the 83 E. quadrangulata families displayed below-average 

growth strain and above-average diameter (orange box, Figure 3.3). However, in a situation 

where the volumetric shrinkage is to be considered, the 13 families in the top left corner 

highlighted in red met the criteria.  
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 Table 3.7: Family breeding values of selected traits with their selection criteria classified for 

being superior (0) and inferior (1) to the population average for 2-year-old E. quadrangulata.  
 

Family Diameter Growth strain Dynamic MoE Volumetric shrinkage All traits 

 BV (mm) Selection BV (µɛ) Selection BV (GPa) Selection BV (%) Selection  

521 2.74 0 −181.79 0 1.67 0 −5.02 0 0 

572 1.09 0 −124.42 0 2.79 0 −2.44 0 0 

501 0.89 0 −8.24 0 1.33 0 0.68 1 1 

503 −3.26 1 −460.44 0 0.16 0 −3.03 0 1 

504 1.26 0 −74.75 0 0.52 0 0.01 1 1 

507 1.06 0 −290.53 0 1.08 0 0.41 1 1 

510 1.12 0 −225.74 0 −2.45 1 −6.13 0 1 

511 −1.50 1 −176.96 0 0.48 0 −1.43 0 1 

518 6.09 0 −229.78 0 −1.00 1 −5.33 0 1 

519 1.51 0 −510.14 0 −1.15 1 −4.48 0 1 

520 1.79 0 −189.79 0 −1.14 1 −2.44 0 1 

522 −0.52 1 −6.95 0 0.35 0 −1.97 0 1 

523 0.50 0 18.61 1 0.93 0 −0.86 0 1 

524 −1.12 1 −195.68 0 0.33 0 −0.37 0 1 

525 1.39 0 −135.00 0 −0.78 1 −2.74 0 1 

529 0.71 0 28.84 1 0.71 0 −0.62 0 1 

530 0.20 0 −19.54 0 1.23 0 0.37 1 1 

539 3.50 0 301.07 1 0.60 0 −1.54 0 1 

548 −4.33 1 −23.11 0 1.60 0 −3.86 0 1 

552 −5.18 1 −55.21 0 0.56 0 −4.69 0 1 

554 0.67 0 −19.09 0 1.84 0 2.63 1 1 

561 1.23 0 −268.89 0 1.28 0 6.86 1 1 

563 1.92 0 −55.58 0 −0.25 1 −1.07 0 1 

564 2.47 0 −261.42 0 0.46 0 4.41 1 1 

576 0.73 0 11.52 1 1.52 0 −1.10 0 1 

591 2.37 0 −505.16 0 −0.52 1 −3.12 0 1 

593 4.84 0 −2.72 0 −0.41 1 −2.01 0 1 

594 4.32 0 136.83 1 0.71 0 −1.74 0 1 

595 0.03 0 −519.21 0 −1.45 1 −4.78 0 1 

596 −0.46 1 −251.32 0 0.68 0 −3.77 0 1 

506 −1.54 1 −185.96 0 0.77 0 0.05 1 2 

508 −0.55 1 −206.59 0 1.23 0 0.82 1 2 

514 2.14 0 1.12 1 −0.53 1 −3.86 0 2 

516 −0.40 1 −437.64 0 −0.93 1 −4.25 0 2 

517 −1.35 1 −442.53 0 −1.71 1 −4.97 0 2 

531 −9.54 1 270.83 1 1.15 0 −1.10 0 2 

534 −4.31 1 29.63 1 0.05 0 −1.95 0 2 

535 0.03 0 268.05 1 0.21 0 2.52 1 2 

538 0.53 0 449.76 1 0.12 0 4.16 1 2 

541 2.39 0 297.12 1 −1.48 1 −1.97 0 2 

542 3.38 0 592.87 1 0.49 0 0.15 1 2 
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Family Diameter Growth strain Dynamic MoE Volumetric shrinkage All traits 

 BV (mm) Selection BV (µɛ) Selection BV (GPa) Selection BV (%) Selection  
543 3.41 0 262.97 1 1.01 0 3.26 1 2 

544 3.62 0 303.31 1 0.77 0 3.84 1 2 

546 −0.44 1 70.37 1 0.87 0 −2.03 0 2 

547 −1.40 1 450.86 1 0.16 0 −2.55 0 2 

550 0.28 0 650.95 1 2.67 0 0.81 1 2 

566 −0.88 1 −10.65 0 0.49 0 0.83 1 2 

573 −0.41 1 −19.85 0 0.95 0 3.74 1 2 

574 1.20 0 −146.44 0 −0.25 1 3.76 1 2 

577 0.30 0 −66.76 0 −1.36 1 1.84 1 2 

578 −0.84 1 −234.93 0 −0.55 1 −0.91 0 2 

579 −4.15 1 −33.08 0 −0.46 1 −0.61 0 2 

580 6.68 0 529.73 1 1.17 0 1.19 1 2 

583 3.37 0 19.28 1 0.74 0 5.10 1 2 

592 −0.23 1 −556.27 0 −1.88 1 −3.98 0 2 

597 −5.60 1 −187.94 0 −0.74 1 −4.89 0 2 

598 −4.54 1 −154.05 0 −2.96 1 −2.73 0 2 

599 −6.27 1 −197.69 0 −1.21 1 −6.64 0 2 

512 3.00 0 287.86 1 −1.98 1 0.63 1 3 

513 0.63 0 109.90 1 −0.11 1 0.02 1 3 

515 −2.51 1 −197.14 0 −0.23 1 0.49 1 3 

532 −2.82 1 42.17 1 −0.77 1 −1.81 0 3 

533 −2.17 1 271.04 1 −0.73 1 −3.05 0 3 

537 −0.88 1 272.08 1 0.08 0 2.54 1 3 

540 −0.71 1 3.05 1 0.66 0 2.34 1 3 

545 −1.28 1 139.34 1 2.31 0 3.82 1 3 

549 −0.87 1 326.22 1 0.10 0 2.91 1 3 

553 −5.51 1 −110.41 0 −0.21 1 0.12 1 3 

555 −3.48 1 436.97 1 2.19 0 0.39 1 3 

562 −0.64 1 90.47 1 0.06 0 1.76 1 3 

567 6.79 0 261.31 1 −1.38 1 1.67 1 3 

569 −1.14 1 41.19 1 0.56 0 6.69 1 3 

570 3.97 0 101.43 1 −0.73 1 6.67 1 3 

575 3.64 0 33.80 1 −1.17 1 1.49 1 3 

581 3.79 0 61.91 1 −0.91 1 6.11 1 3 

582 2.99 0 167.70 1 −1.00 1 3.57 1 3 

584 3.89 0 143.39 1 −0.92 1 6.21 1 3 

585 −1.49 1 −202.42 0 −1.74 1 2.71 1 3 

586 −3.22 1 58.12 1 −0.72 1 −0.90 0 3 

587 −0.56 1 −179.83 0 −1.25 1 5.19 1 3 

536 −5.65 1 233.54 1 −0.85 1 3.79 1 4 

568 −3.59 1 35.74 1 −0.91 1 3.94 1 4 

571 −3.17 1 550.70 1 −0.86 1 2.21 1 4 

Heading: BV for breeding value and unit for each trait in brackets. Diameter and dynamic 

MoE are superior while growth strain and volumetric shrinkage are inferior. All traits 

represent sum of superior and inferior for the four traits selected. 
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3.4 Conclusion 

The study investigated genetic parameters of growth and wood properties in 2-year-old E. 

quadrangulata. The species’ growth rate was faster than that of other NZDFI eucalyptus 

species. Growth was not correlated to growth strain, and therefore selection of superior genetics 

could be made without any influence on the other. Also, higher acoustic velocity and dynamic 

MoE was observed than for other NZDFI species at the same age. Significant adverse genetic 

correlation (0.32, CI95% 0.12, 0.43) was observed between the growth strain and MoE 

indicating a need for compromise between the two traits. However, as the MoE of E. 

quadrangulata was 12.9 GPa at age ~2 years, a reduction in MoE appears to be acceptable, 

considering an MoE of <4 GPa for radiata pine at age 34-months (Sharma, 2013). 

Considering heritability and variation between the E. quadrangulata families at age ~2 years, 

most genetic gain can be achieved for growth strain and volumetric shrinkage followed by 

diameter and dynamic MoE. Limited genetic gain is to be expected for air-dry density and 

acoustic velocity.  

This study only comprised trees grown at one site, preventing the analysis of environmental 

effects. Therefore, the species should be further tested in different locations to ascertain the 

results. In addition, the true relatedness between individuals of the same family should be 

quantified.  
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Chapter 4. Properties of Eucalyptus globoidea seedlings and coppice 

 

4.1 Introduction 

Eucalyptus globoidea (Blakely), commonly known as white stringy bark and belonging to the 

subgenus eucalyptus (Brooker & Kleinig, 1983), is native to south-eastern Australia’s gentle 

undulating hill country near the coast and mountain slopes, extending to escarpments adjacent 

to tablelands but not inland of the ranges (Boland et al 2006). Old-growth E. globoidea has 

been used for building framework in Australia but also for heavy construction work, railway 

sleepers and cross arms (Bootle, 2005). It is a species that displays several appealing properties 

such as early heartwood formation, drought, frost and pest tolerance as well as good growth in 

the New Zealand environment (Millen et al., 2018). Moreover, it has good mechanical 

properties (stiffness and strength) and its heartwood is rated class 2 for in-ground durability, 

that is, lasting 15 to 25 years in service (AS5604, 2005). However, it is recognised as a species 

that tends to collapse during drying (Bootle, 2005; Poynton, 1979; Somerville & Gatenby, 

1996) although good timber can be cut from it (Jones et al., 2010). Few studies have 

investigated the wood properties of E. globoidea (Guo & Altaner, 2018; Jones et al., 2010; 

Somerville & Gatenby, 1996).  

E. globoidea’s mechanical properties, as measured by the stiffness, (17 GPa) are superior to P. 

radiata (9.1 GPa) making it suitable for laminated veneer lumber (LVL) production (Guo & 

Altaner, 2018). However, its stiffness was reported to be lower than E. bosistoana (21 GPa) 

and E. quadrangulata (18 GPa) (Bootle, 2005) in the NZDFI programme. Therefore, stiffness 

might be a trait of interest in the E. globoidea breeding programme. 

Another problem associated with E. globoidea is collapse and associated internal checking 

upon drying (Bootle, 2005). Collapse and internal checking reduce sawn timber yields and 

quality. Few studies addressing internal checking or degrade in E. globoidea have been 
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published. E. globoidea was reported to have the potential to produce high quality timber at 

old age, mitigating collapse by steam reconditioning (Jones et al., 2010; Somerville & Gatenby, 

1996). An alternative and permanent solution lies in growing trees with low internal checking 

that will not cause substantial utilisation problems (Blackburn et al., 2010; Henson et al., 2004). 

This can be achieved in a breeding programme if the trait is variable and heritable. Nothing is 

known about the variation and magnitude of collapse and its correlation with other wood 

properties in young plantation-grown E. globoidea. 

As stated in Chapter 1, high growth strain is another major cause of defects in solid wood 

processing of eucalypts in general, but also for E. globoidea (Guo & Altaner, 2018). E. 

globoidea has so far not been phenotyped for growth strain by the NZDFI (Sharma & Altaner, 

2017).  

The genus eucalyptus is known for its ability to coppice when the tree is harvested giving the 

growers another timber rotation without replanting (Zbonak et al., 2007). Few studies have 

been published on the properties of wood from coppiced eucalyptus trees (Miranda et al., 2015; 

Schönau, 1991; Sharma et al., 2005; Zbonak et al., 2007). Coppiced trees were reported to grow 

faster and the juvenile wood to have lower density and longer fibres than the parent trees of E. 

tereticornis and six eucalyptus genotypes (Sharma et al., 2005; Zbonak et al., 2007). Further, 

high longitudinal shrinkage was observed in samples from coppiced trees but no significant 

difference in strength between coppiced and non-coppiced samples of E. tereticornis was 

shown (Sharma et al., 2005). To the best of my knowledge, nothing is known of the effect of 

coppice on growth strain or collapse. 

This study investigated wood properties (checking, growth strain, acoustic velocity, dynamic 

MoE, volumetric shrinkage and air-dry density) of E. globoidea at the top of thinned older 
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trees, the base of younger coppiced shoots and discs cut from the base of the older thinned trees 

in two different sites. 

4.2 Materials and methods 

4.2.1 Trials 

Open pollinated progeny trials consisting of 115 and 141 families of E. globoidea established 

at Ngaumu and Atkinson (Wairarapa), respectively, in November 2011 were assessed for wood 

properties. The seed was collected from across the natural range of the species in Australia and 

from three NZ plantation sites with a known seedlot.  

The Ngaumu trial was located at latitude 41° 02' 7" S and longitude 175° 52' 2" E. It was 

designed as a sets-in-an incomplete block design with each family replicated up to 80 times 

across the site totalling 7,110 trees. There were 30 trees per block at a spacing of 2.4 m between 

rows and 1.8 m within the rows. The trial had been assessed in 2017 at age 5.8 years for growth, 

form and straightness and was thinned in November 2018.  

The Atkinson trial was located at latitude 41° 35' 21" S and longitude 175° 24' 4" E. It was a 

sets-in-an incomplete block design with each family replicated 40 to 80 times across the site 

totalling 8,640 trees. There were 36 trees per block at a spacing of 2.4 m between rows and 1.8 

m within the rows. The trial was assessed for DBH and form in 2015 at age 3.4 years and 

thinned in April 2019. The trials were first pruned in August 2018 to have good form and the 

selected trees were felled for assessment of wood properties in April (14 to 18) 2019, as shown 

in Figure 4.1.  

4.2.2 Wood samples  

4.2.2.1 Stem sections – Ngaumu trial 

From the trees that were marked for thinning, 112 trees representing 70 families with a DBH 

above 50 mm were selected for wood sampling. Clear stem sections of 450 mm in length with 
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a target diameter of ~50 mm were cut from the top of the trees in November (11 to 14) 2018. 

Samples were shipped to the University of Canterbury for the timely assessment of wood 

properties (DBH, height, growth strain, air-dry density, acoustic velocity, dynamic MoE, 

volumetric shrinkage).  

4.2.2.2 Stem sections – Atkinson trial 

At the Atkinson trial 117 stem sections from the top of thinned trees representing 117 families 

were cut for wood property assessments as described in 4.2.2.1 in April (14 to 18) 2019. 

Concurrently, 114 samples of the same dimensions representing 114 families were collected 

from the coppice of trees thinned in 2018 which were managed and reduced to one stem.  

4.2.2.3 Stem disc – Atkinson trial 

From the same 117 trees sampled for stem sections at the top (4.2.2.2), discs were collected 

from the base (0.4 m) of the stem. The discs were allowed to air-dry before being analysed for 

checking.  

 

Figure 4.1: Taking samples from thinned 7-year-old E. globoidea tree at the Ngaumu site. 
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4.2.3 Form assessment 

The form and straightness of all the trees at Ngaumu and Atkinson trial were evaluated using 

a subjective score from 1 (worst) to 7 (best) for form and 1 (worst) to 6 (best) for straightness. 

The detailed description of the form and straightness scores are listed in Table 4.1. 

Table 4.1: Form and straightness score for assessing the E. globoidea breeding population 

McConnochie (2020). 

 

Score Form Straightness 

1 Multiple forking Multiple shifts from centre 

2 Major fork in first log (2.0 m) Stem shift 

3 High fork above 2 m Repeated sinuous 

4 Breakout above 2 m Sinuous 

5 Large ramicorns Basal distortion then straight 

6 Small ramicorns Straight form 

7 No malformation  

 

4.2.4 Wood properties assessments 

The growth strain, dynamic MoE, air-dry density and volumetric shrinkage assessments were 

described in detail in sections 2.2.2 to 2.2.5. The acoustic velocity of the 150 mm-long wood 

samples were measured in the air-dry state using the WoodSpec resonance tool as discussed in 

in section 2.2.5. 

4.2.5 Checking assessment 

The discs were debarked to allow easy handling and air-dried for 7 months. The discs were 

then sanded on one face to highlight the cracks within the discs and subsequently scanned in 

colour at 300 dpi. 
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The Fiji software was used for image analysis (Schindelin et al., 2012). The total area of the 

disc and the total area of the cracks in the disc were measured using the ‘Polygon selections’ 

tool after the disc was outlined using the ‘Measure’ tool. The total area of the cracks within the 

disc was obtained by using the ‘Analyse Particles’ function. The area of heartwood was 

demarcated with a pencil on each disc and the heartwood area as well as the area of cracks 

within the heartwood were determined as described above.  

The sapwood area and the area of cracks in the sapwood for each disc were obtained by 

subtracting the heartwood values from the corresponding whole disc values. To allow 

comparison of checking between trees of different diameter, crack area per disc was normalised 

separately for the whole disc as well as heartwood and sapwood by their respective areas 

(Equation 4.1).  

 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑟𝑎𝑐𝑘𝑠 (%) =  
𝐶𝑟𝑎𝑐𝑘 𝑎𝑟𝑒𝑎 

𝐷𝑖𝑠𝑐 𝑎𝑟𝑒𝑎
 ×  100%   Equation 4.1 

4.2.6 Statistical analyses 

All data were analysed using R statistical software (R Core Team, 2019). Phenotypic 

correlations were used to compare the strength of the relationship between the wood properties 

while analysis of variance (ANOVA) was used to show the significance level (5%) of growth 

strain and other wood properties (acoustic velocity, air-dry density, dynamic MoE and 

volumetric shrinkage) in the two locations. 

4.3 Results and discussion 

4.3.1 Site and stem type effects 

The descriptive statistics of E. globoidea from thinning and coppice assessed in the Atkinson 

and Ngaumu trials are presented in Table 4.2. 
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Table 4.2: Descriptive statistics of 2-year-old coppice, 7-year-old (Ngaumu) and 8-year-old 

(Atkinson) seedlings of E. globoidea; Coefficient of phenotypic variation (CPV). 

 

Trait Location Mean SD Min Max CPV (%) 

Form Ngaumu  4.00 2.27 1 7 56.75 

 Atkinson  4.20 1.60 1 7 38.09 

       
Straightness Ngaumu  4.40 1.27 1 6 28.86 

 Atkinson  4.43 1.17 1 6 26.41 

       
DBH (mm) Ngaumu top  81 25 50 160 30.86 

 Atkinson top 92 16 50 128 17.39 

Diameter at base (mm) Atkinson coppice 42 11 19 74 26.19 

  
     

Tree height (m) Ngaumu  7.14 1.30 4.3 10.0 18.21 

 Atkinson  9.80 1.40 5.2 12.9 14.29 

       
Growth strain (µɛ) Ngaumu top 2533 538 1426 3787 21.24 

 Atkinson top 2406 566 1285 3985 23.52 

 Atkinson coppice 3084 572 1902 4513 18.55 

  
     

Acoustic velocity (km/s) Ngaumu top 4.30 0.19 3.80 4.80 4.40 

 Atkinson top 4.44 0.26 3.75 5.20 5.90 

 Atkinson coppice 4.25 0.25 3.71 4.70 5.90 

       
Dynamic MoE (GPa) Ngaumu top 11.0 1.2 8.7 14.7 10.91 

 Atkinson top 12.5 1.8 8.6 17.9 14.40 

 Atkinson coppice 12.0 1.7 7.9 17.2 14.17 

       
Air-dry density (kg/m3) Ngaumu top 594 41 496 679 6.90 

 Atkinson top 630 50 500 804 7.94 

 Atkinson coppice 663 50 531 771 7.54 

       
Volumetric shrinkage 

(%) Ngaumu top 
14.4 4.3 7.5 38.4 29.90 

 Atkinson top 15.0 3.8 8.2 25.7 25.33 

 Atkinson coppice 20.7 4.1 10.1 32.0 19.81 

 

4.3.1.1 Form 

The form of the samples ranged from 1 to 7 with a mean of 4.00 and a CPV of 56.75% at the 

Ngaumu site and a mean of 4.20 with a CPV of 38.09% at the Atkinson site (Table 4.2), 

indicating that on average the trees at the two sites had a breakout above 2 m.  

4.3.1.2 Straightness 

The straightness of the samples was similar at the two sites with a mean of 4.40 and a CPV of 

28.86% at Ngaumu and a mean of 4.43 with a CPV of 26.41% at Atkinson (Table 4.2), 
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indicating that on average the trees at the two sites had a sinuous stem form (Table 4.1). Similar 

scores of stem straightness were reported for E. dunnii at age 9 years (approximately 4.0) 

(Henson et al., 2004) and E. nitens at 9 to 14 years (4.3) (Blackburn et al., 2011). However, 

caution is needed when comparing the mean value of form and straightness from different 

studies as measurement/score techniques differ. The CPV  (26.41% to 28.86%) for stem 

straightness in this study was comparable to the values reported for 5.5-year-old E. globulus 

(21% to 30%) (Callister et al., 2011) and 9-year-old E. dunnii (28% and 37%) (Henson et al., 

2004). 

4.3.1.3 Tree height 

The trees assessed at age 8 years at the Atkinson site (mean 9.80 m; CPV 14.29%) were taller 

than at the Ngaumu site (mean 7.14 m; CPV 18.21%) (Table 4.2) assessed at age 7 years. The 

CPVs for tree height at the two sites fell within the values (12.12% to 38.17%) reported for 21- 

to 96-month old E. urophylla (Wu et al., 2013). 

4.3.1.4 Diameter 

The DBH of the wood samples assessed at the Ngaumu trial at age 5.8 years ranged from 50 to 

160 mm with a mean of 81 mm and a CPV of 30.86%. The DBH of the samples assessed at the 

Atkinson trial at age 3.4 years ranged from 50 to 128 mm with a mean of 92 mm and had a 

CPV of 17.39%. As for tree height, the DBH at the Atkinson site was higher than that at the 

Ngaumu site. This effect was due to site differences. The average DBH in this study was 

comparable to that reported for 7-year-old E. bosistoana at two different sites (60 mm and 

102mm) (Li et al., 2018).  

The diameter of the samples obtained from 2-year-old debarked coppice (Atkinson trial), an 

indication of stem diameter at the base, ranged from 19 to 74 mm with a mean of 42 mm and 

a CPV of 26.19% (Table 4.2). The E. globoidea coppice at age 2 years was therefore growing 

faster than seedlings of other eucalyptus at the same age, which were reported to reach 



83 
 

23.60 mm (E. tricarpa) (Nguyen, 2019), 36.60 mm (E. bosistoana) (Davies, 2019) and 

34.8 mm (E. quadrangulata) (Chapter 3) when 2 years old on a fertilised nursery site. The 

study was unable to compare with growth of E. globoidea coppice as no stem diameter 

measurements of seedling grown at age 2 years was available for this site.  

The CPV of DBH was lowest at the Atkinson site (17.39%). The CPVs for diameter at the 

Ngaumu trial (CPV = 30.86%) and the coppice (26.19%) were comparable to the variability 

(32% and 33%) reported for 7-year-old E. bosistoana (Li et al., 2018) as well as 2-year-old E. 

tricarpa (27.41%) (Nguyen, 2019), 2-year-old E. bosistoana (23.50%) (Davies, 2019) and 2-

year-old E. quadrangulata (25.86%) (Chapter 3). 

4.3.1.5 Growth strain 

There was no statistically significant difference in the growth strain at the top of the trees 

between the two provenance trials at Ngaumu (mean 2533 µɛ; CPV of 21.24%) and Atkinson 

(mean 2406 µɛ; CPV of 23.52%) (Table 4.2, Table A 1 in Appendix). This was similar to earlier 

studies by Malan (1988) on E. grandis and by Kamarudin (2014) on E. globulus who reported 

that environment had no influence on growth stresses.  

The average growth strain reported in this study for seedling grown E. globoidea was higher 

(2406 µɛ  and  2533 µɛ) compared to the average growth strain reported for E. quadrangulata 

(1784 µɛ) (Chapter 3), E. bosistoana (2072 µɛ) (Davies, 2019) and E. tricarpa (1735 µɛ) 

(Nguyen, 2019), all determined with the ‘splitting’ test at age ~2 years. It is unclear if this 

difference was related to species or stem height, as the samples of this study were cut from 

older trees higher in the stem than those from the cited studies. Literature reports on the 

influence of stem height on growth strain are inconclusive, with reports of a decrease (10-year-

old E. globulus (Yang et al., 2001) and 8-year-old E. nitens (Chafe, 1985b)) as well as an 

increase (E. globulus (Raymond et al., 2004) and Liriodendron tulipifera (Cassens & Serrano, 

2004)) along a stem. 



84 
 

Growth strain was higher for the young coppice at the base (mean 3084 µɛ, CPV of 18.55%) 

than at the top of the older mother trees and was statistically significant (mean 2533 and 

2406 µɛ respectively) (Table 4.2, Table A 2 in Appendix). This study was not able to 

distinguish if the higher growth strain in the coppice samples was due to the height of the stem 

where the samples were taken or the fact that the plant was coppiced rather than a seedling, 

because the two factors were confounded. To the best of my knowledge no literature reports 

on the effect of coppice on growth strain exist. 

The variability (CPV = 18.55% & 23.52%) observed within and between individual trees was 

lower than the value reported for other eucalypts: 2-year-old E. quadrangulata (26.28%) 

(Chapter 3), 2-year-old E. bosistoana (36.40%) (Davies, 2019) and 2-year-old E. tricarpa 

(43.67%) (Nguyen, 2019). It is unclear if this difference is due to tree age, species or sample 

origin (coppice, tree height).  

4.3.1.6 Acoustic velocity 

Although in absolute terms not large, the difference in acoustic velocity at the top of the trees 

between the sites at Ngaumu (mean 4.30 km/s; CPV of 4.40%) and Atkinson (mean 4.44 km/s; 

CPV of 5.90%) was statistically significant (Table 4.2, Table A 1 in Appendix). A mean 

acoustic velocity of 4.25 km/s with a CPV of 5.90% was observed for the coppice samples at 

age 2 years (Table 4.2). Acoustic velocity reported here was higher than for similar sized but 

seedling grown E. bosistoana (3.70 km/s) (Davies, 2019) and E. tricarpa (3.80 km/s) (Nguyen, 

2019) but similar to E. quadrangulata (4.42 km/s) (Chapter 3). However, these species 

comparisons were confounded by a potential coppice effect and seedlings might differ in MFA 

to coppice.  

The CPV (4.40% & 5.90%) for acoustic velocity was lower than for E. bosistoana (7.89%) 

(Davies, 2019) and E. tricarpa (7.19%) (Nguyen, 2019), implying that the possibility of 

improvement in acoustic velocity through breeding is limited.  
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4.3.1.7 Air-dry density 

A statistically significant difference in air-dry density at the top of the trees was observed 

between the Ngaumu (mean 594 kg/m3; CPV of 6.90%) and Atkinson trials (mean 630 kg/m3; 

CPV of 7.94%) (Table 4.2, Table A 1 in Appendix). Site differences in density of eucalypts 

have been reported (Farrell et al., 2008). In the Atkinson trial, the density of the coppice 

samples had a mean of 663 kg/m3 (Table 4.2), higher than that of the trees grown as seedlings. 

The observed density for E. globoidea was similar to the value reported for E. quadrangulata 

(656 kg/m3) (Chapter 3) but lower than that reported for 2-year-old E. bosistoana (816 kg/m3) 

(Davies, 2019) and 2-year-old E. tricarpa (780 kg/m3) (Nguyen, 2019). E. globoidea might be 

optimal for outdoor furniture manufacturing as the pieces would not be unnecessarily heavy. 

The CPV of 6.90% & 7.94% observed for air-dry density in the two trials was comparable to 

the values reported for other NZDFI eucalypts (Altaner, 2019; Davies, 2019; Nguyen, 2019) 

and E. quadrangulata (Chapter 3). The low CPV observed for air-dry density implied that the 

possibility of improving this trait through breeding is limited. 

4.3.1.8 Dynamic MoE 

Like acoustic velocity and density, the mean from these values of derived dynamic MoE was 

significantly different between the Ngaumu (mean 11.0 GPa; CPV of 10.91%) and Atkinson 

(mean 12.5 GPa; CPV of 14.40%) trials (Table 4.2, Table A 1 in Appendix), with the latter 

outperforming the first for all three variables. 

The dynamic MoE for the coppice samples was 12.0 GPa with a CPV of 14.17%. This was 

lower than that of the tops of seedling-grown trees at the same site and a consequence of the 

lower acoustic velocity.  

The mean dynamic MoE was comparable to 2-year-old E. tricarpa (11.4 GPa) (Nguyen, 2019), 

2-year-old E. bosistoana (11.2 GPa) (Davies, 2019) and 2-year-old E. quadrangulata (12.9 

GPa) (Chapter 3).  
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The CPV of 10.91% & 14.40% of the dynamic MoE was comparable to the values observed 

for similar aged eucalypts: E. tricarpa 15.51% (Nguyen, 2019), E. bosistoana 16.96% (Davies, 

2019) and E. quadrangulata (10.85%). 

4.3.1.9 Volumetric shrinkage 

Analysis of variance (ANOVA) showed no significant difference in volumetric shrinkage at 

the top of the trees between the Ngaumu (mean 14.4%; CPV of 29.90%) and Atkinson trials 

(mean 15.0%; CPV of 25.33%) (Table 4.2, Table A 1 in Appendix). 

The volumetric shrinkage for the coppice samples, with a mean of 20.7% and a CPV of 19.81%, 

was higher than the samples assessed at the top for the two sites (Table 4.2).  

The volumetric shrinkage range of 14.4% to 20.7% for E. globoidea was at the extremes of 

values reported for the other eucalypts in the NZDFI programme: E. quadrangulata (19.0%) 

(Chapter 3), E. tricarpa (15.4%) (Nguyen, 2019) and E. bosistoana (20.0%) (Davies, 2019) 

and within the range recorded for E. tereticornis (15.3% to 22.8%) (Chauhan & Aggarwal, 

2011).  

Likewise the CPV range of 19.81% to 29.90% was comparable with the values reported for 

other NZDFI eucalypts: 2-year-old E. tricarpa (19.28%) (Nguyen, 2019), 2-year-old E. 

bosistoana (20.0%) (Davies, 2019) and 2-year-old E. quadrangulata (20.53%) (Chapter 3). 

The large variation in volumetric shrinkage would benefit a breeding programme if it were 

under genetic control. 

4.3.2 Phenotypic correlations  

Phenotypic correlations between wood properties for the Ngaumu and Atkinson trials were 

presented in Table 4.3 and Table 4.5. 
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Table 4.3: Phenotypic correlation between traits for tops of 7-year-old E. globoidea trees at Ngaumu and tops of 8-year-old trees and 2-year-old 

coppice at Atkinson with the 95% confidence intervals in brackets (112, 117 and 114 samples tested).  

 

 

Trait Location 

Air-dry  

density (kg/m3) 

Acoustic  

velocity (km/s) 

Volumetric  

shrinkage (%) 

Dynamic MoE 

(GPa) 

Growth  

strain (µɛ) 

DBH 

 

Ngaumu tops (age 5.8 yrs) 

 

0.004 (−0.19, 0.18) 

p = 0.41ns 

−0.09 (−0.27, 0.10) 

p = 0.44ns 

0.05 (−0.14, 0.23) 

p = 0.67ns 

−0.08 (−0.27, 0.10) 

p = 0.49ns 

−0.08 (−0.27, 0.11) 

p = 0.26ns 

DBH 

 

 

 

Atkinson tops (age 3.4 yrs) 

  

 

0.003 (−0.18, 0.18) 

p = 0.91ns 

−0.08 (−0.25, 0.11) 

p = 0.52ns 

0.10 (−0.13, 0.23) 

p = 0.49ns 

−0.06 (−0.24, 0.12) 

p = 0.57ns 

−0.05 (−0.23, 0.13) 

p = 0.67ns 

Diameter 

 

 

 

Atkinson coppice 

  

 

−0.11 (−0.29, 0.09) 

p = 0.26ns 

−0.19 (−0.37, −0.01) 

p = 0.04* 

0.41 (0.24, 0.55) 

p = 6.6e−06* 

−0.21 (−0.38, −0.03) 

p = 0.02* 

0.17 (−0.02, 0.34) 

p = 0.07ns 

       
Air−dry density 

 

 

Ngaumu tops  

 

  

−0.07 (−0.25, 0.12) 

p = 0.47ns 

 

0.14 (−0.05, 0.32) 

p = 0.15ns 

 

0.56 (0.42, 0.67) 

p = 1.5e−10* 

 

0.15 (−0.04, 0.33) 

p = 0.12 ns 

 

 

Atkinson tops 

 

   

0.06 (−0.12, 0.24) 

p = 0.51ns 

 

0.30 (0.12, 0.45) 

p = 0.001* 

 

0.60 (0.48, 0.70) 

p = 4.5e−13* 

 

0.28 (0.10, 0.40) 

p = 0.002* 

 

 

Atkinson coppice 

  

0.04 (−0.15, 0.22) 

p = 0.73ns 

0.44 (0.28, 0.58) 

p = 9.3e−07* 

0.56 (0.42, 0.67) 

p = 1.3e−10* 

0.31 (0.13, 0.47) 

p = 0.000* 

       
Acoustic velocity 

 

 

Ngaumu tops  

 

   

−0.01 (−0.2, 0.18) 

p = 0.89ns 

 

0.79 (0.70, 0.85) 

p = 2.2e−16* 

 

0.19 (0.004, 0.37) 

p = 0.04* 

 

 

Atkinson tops  

 

   

0.01 (−0.17, 0.19) 

p = 0.90ns 

 

0.83 (0.76, 0.88) 

p = 2.2e−16* 

 

0.11 (−0.07, 0.29) 

p = 0.23ns 

 

 

 

 

Atkinson coppice 

 

   

−0.08 (−0.26, 0.11) 

p = 0.41ns 

0.85 (0.79, 0.89) 

p = 2.2e−16* 

0.09 (−0.1, 0.27) 

p = 0.37ns 
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Trait Location 

Air-dry  

density (kg/m3) 

Acoustic  

velocity (km/s) 

Volumetric  

shrinkage (%) 

Dynamic MoE 

(GPa) 

Growth  

strain (µɛ) 

Volumetric 

shrinkage 

 

 

 

Ngaumu tops  

 

 

    

0.10 (−0.12, 0.25) 

p = 0.46ns 

 

 

0.16 (−0.03, 0.34) 

p = 0.09 ns 

 

 

 

Atkinson tops  

 

    

0.18 (−0.003, 0.35) 

p = 0.05ns 

 

0.04 (−0.14, 0.22) 

p = 0.68ns 

 

 

Atkinson coppice 

 

    

0.17 (−0.02, 0.34) 

p = 0.08ns 

0.15 (−0.04, 0.32) 

p = 0.11ns 

       

Dynamic MoE 

 

Ngaumu tops  

     

0.25 (0.06, 0.42) 

p = 0.008* 

 

 

Atkinson tops  

     

0.23 (0.05, 0.39) 

p = 0.01* 

 

 Atkinson coppice     

0.23 (0.10, 0.40) 

p = 0.01* 

ns: not significant at p > 0.05; * significant at p < 0.05 
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4.3.2.1 Growth strain 

Growth strain was independent of growth. The correlations between diameter and growth strain 

were −0.08 (CI95% −0.27, 0.11), −0.05 (CI95% −0.23, 0.13) and 0.17 (CI95% −0.02, 0.34) for the 

Ngaumu thinning, Atkinson thinning and coppice samples (Table 4.3). This corroborated 

previous results (Davies, Apiolaza, et al., 2017; Muneri et al., 1999; Valencia et al., 2011; 

Wahyudi et al., 1999; Wilkins & Kitahara, 1991a). However, as discussed earlier, strong 

negative correlations were found between growth strain and stem diameter for 12.5-year-old 

E. grandis (rp = −0.70 to −0.79) (Wilkins & Kitahara, 1991b) and 10-year-old E. globulus (rp 

= −0.66) (Yang et al., 2001). The correlation between sample tree height and growth strain 

were −0.10 (CI95% −0.29, 0.18) and 0.10 (CI95% −0.12, 0.25) for the Ngaumu and Atkinson 

thinning samples (Table A 3 in Appendix). A similar correlation was also reported for 12-year-

old E. camaldulensis (rp = −0.12) (Nezu et al., 2020). 

Growth strain showed significant positive correlation (rp = 0.23 to 0.25) with dynamic MoE in 

all three data sets (Table 4.3). As mentioned in the previous chapter, this agreed with the results 

reported for 2-year-old E. tricarpa (rp = 0.23) (Nguyen, 2019) and 2-year-old E. quadrangulata 

(rp = 0.10) (Chapter 3). High correlation were reported for 8-year-old E. dunnii (rp = 0.65) 

(Trugilho & Oliveira, 2008), 2-year-old E. bosistoana (rp = 0.61) (Davies, 2019) and 18-year-

old Populus deltoids (rp = 0.67) (Fang et al., 2008). Consequently, selection of low growth 

strain trees will require a compromise on wood stiffness. Fortunately, a reduction in stiffness 

may not have practical implications, since stiffness of E. globoidea at old age is around 17 GPa 

(Bootle, 2005), higher than the 8–10 GPa typically needed for structural timber. 

4.3.2.2 Dynamic MoE 

No significant correlation was recorded between the dynamic MoE and diameter for Ngaumu 

and Atkinson thinning samples (p > 0.05) (Table 4.3), an observation previously reported for 

2-year-old E. bosistoana (rp = 0.02) (Davies, 2019), 2-year-old E. tricarpa (rp = 0.05) (Nguyen, 
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2019) and old-growth E. alba (Wahyudi et al., 2015). Nevertheless, there was a significant 

weak negative correlation between diameter and dynamic MoE for 2-year-old E. 

quadrangulata (rp = −0.11, p < 0.05) (Chapter 3).  

The dynamic MoE is the product of density and the square of the acoustic velocity (Equation 

2.7 in Chapter 2). As the dynamic MoE was positively correlated to air-dry density (rp = 0.56 

to 0.60) and acoustic velocity (rp = 0.79 to 0.85) (Table 4.3), both factors can be targeted to 

increase the dynamic MoE for young E. globoidea, a fact also reported for other eucalypts such 

as E. delegatensis (Evans & Ilic, 2001), E. globulus, E. nitens and E. regnans (Yang & Evans, 

2003). This is different to young radiata pine where stiffness is dominated by acoustic velocity, 

a measure of the MFA, rather than by density (Walker, 2006).  

No significant correlation (0.09 & 0.11) was found between acoustic velocity and growth strain 

for Atkinson thinning and coppice but it was significant for Ngaumu thinning samples (rp = 

0.19) (Table 4.3). This was comparable with the result reported for E. nitens (rp = 0.06 & 0.10) 

(Chauhan, 2004) and 2-year-old E. quadrangulata (rp = 0.10) (Chapter 3). Stronger 

correlations were reported between the two traits for other NZDFI eucalypts: 2-year-old E. 

tricarpa (rp = 0.21) (Nguyen, 2019) and 2-year-old E. bosistoana (rp = 0.62 & 0.80) (Davies, 

2019; Davies, Apiolaza, et al., 2017). 

It was reported that growth strain increased when the MFA decreased (Wahyudi et al., 1999). 

Therefore, the absence of a strong correlation between acoustic velocity, a measure of MFA, 

and growth strain observed here indicates that other factors, potentially such as cell wall 

chemistry, contribute to growth strain. 

4.3.2.3 Air-dry density 

No significant correlation was observed between the air-dry density and diameter (rp = 0.003 

and 0.004, p > 0.05) for Ngaumu and Atkinson thinning samples and coppice samples (rp 

= −0.11, p > 0.05) (Table 4.3). No correlation was previously reported for 2-year-old E. 
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tricarpa (rp = 0.11) (Nguyen, 2019), 2-year-old E. bosistoana (rp = 0.15) (Davies, 2019) and 

weak but significant for 2-year-old E. quadrangulata (rp = −0.12, p < 0.05) (Chapter 3).  

Air-dry density was positively correlated with growth strain (rp = 0.28 and 0.31) at the Atkinson 

site (Table 4.3), a relationship also reported for 10-year-old E. globulus (rp = 0.27) (Yang & 

Ilic, 2003) and fast-growing 12.5-year-old E. grandis (rp = 0.73) (Wilkins & Kitahara, 1991b). 

Air-dry density was reported to be independent of growth strain for other eucalypts at age ~2 

years: E. tricarpa (rp = 0.01) (Nguyen, 2019), E. bosistoana (rp = 0.03) (Davies, 2019) and E. 

quadrangulata (rp = 0.03) (Chapter 3).  

4.3.2.4 Volumetric shrinkage  

Volumetric shrinkage at the Atkinson site was correlated with air-dry density (rp = 0.30 & 0.44) 

but not with growth strain or stiffness (Table 4.3). Similar correlations between air-dry density 

and volumetric shrinkage were observed for young eucalypts: 2-year-old E. tricarpa (rp = 0.42) 

(Nguyen, 2019), 2-year-old E. bosistoana (rp = 0.27) (Davies, 2019) and 2-year-old E. 

quadrangulata (rp = 0.34, Chapter 3). 

A weak favourable relationship (rp = 0.31, p < 0.05) between the volumetric shrinkage and 

growth strain was reported for 9-year-old E. tereticornis (Chauhan & Aggarwal, 2011), since 

low volumetric shrinkage and growth strain should be targeted in the breeding programme to 

allow easy timber processing. However,  no such correlations were found between the two 

traits in this study (Table 4.3) or for 2-year-old E. tricarpa (rp = 0.1) (Nguyen, 2019) and 2-

year-old E. quadrangulata (rp = 0.12) (Chapter 3). A negative correlation (rp = −0.26) was 

reported for 2-year-old E. bosistoana (Davies, 2019).  

4.3.3 Checking 

The descriptive statistics of checking in E. globoidea discs from the Atkinson trial is 

presented in Table 4.4 
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Table 4.4: Descriptive statistics of checking in 117 discs of 8-year-old E. globoidea from the 

Atkinson site and coefficient of phenotypic variation (CPV). 
 

  Mean SD Min Max CPV (%) 

      

Disc       

Total area (cm2)  193.49 80.78 51.71 424.21 41.75 

Crack area (cm2)  6.38 6.35 0.01 37.45 99.53 

Proportion of cracks (%)  3.08 2.56 0.02 17.23 83.12 

       

Heartwood       

Heartwood area (cm2)  100.58 50.15 24.3 266.38 49.86 

Crack area (cm2)  4.14 4.00 0.01 19.81 96.62 

Proportion of cracks (%)  4.01 3.38 0.02 23.97 84.29 

       

Sapwood       

Sapwood area (cm2)  92.91 41.03 23.34 205.85 44.16 

Crack area (cm2)  2.24 2.86 0.00 17.63 127.68 

Proportion of cracks (%)  2.14 2.18 0.00 11.59 101.87 

 

The proportion of checks in the whole disc ranged from 0.02% to 17.23% with a mean of 3.08% 

and had a CPV of 83.12% (Table 4.4). More checking was present in the heartwood (mean: 

4.01%; CPV: 84.29%) than in the sapwood (mean: 2.14%; CPV: 101.87%) (Table 4.4). This 

was consistent with reported higher checking in heartwood than sapwood of 45-year-old E. 

viminalis (Cuevas, 1969), E. nitens (Lausberg et al., 1995; Purnell, 1988) and 12-year-old E. 

saligna (Yuniarti et al., 2015). Sapwood is unlikely be converted into solid wood and is 

therefore of little practical concern for sawn timber production. 

Collapse was reported to be one of the causes reducing the volume of timber recovered from 

60-year-old E. globoidea to 19.9% from the 59.5% recovered volume of green boards 

(Somerville & Gatenby, 1996). The observed checking should be related to the tangential 

collapse in the core samples discussed in Chapter 5, as suggested by Kube and Raymond 

(2005).  

While checking is dependent on the species, the drying conditions, and in particular higher 

temperatures causing cell walls to soften, are complicating factors (Blakemore, 2010; Yuniarti 

et al., 2015). In general, denser wood, a measure of cell wall thickness and consequently its 

strength, has less tendency to check (Chafe et al., 1992; McKinley et al., 2002). The thinner, 
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weaker walls in the earlywood may contribute to the high level of internal checking in the 

earlywood (Blakemore, 2010). It should be noted that checking was found to reduce along a 

stem with height up to 12 m in 11-year-old E. nitens (Purnell, 1988).  

With the high variation (CPV 84.29%) observed in the heartwood, there might be a possibility 

for selecting trees with low internal checking if the trait is heritable. This was quantified in 

Chapter 5. Examples of the between-tree variation in checking can be seen in Figure 4.2.  

 

 

Figure 4.2: Examples of checking in discs cut from 8-year-old E. globoidea.
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Table 4.5: Phenotypic correlations of checking and other traits in 117 samples of 8-year-old 

E. globoidea. 

ns: not significant at p > 0.05; * significant at p < 0.05 

A significant positive correlation was observed between checking in the heartwood and the 

sapwood (rp = 0.70, CI95% 0.59, 0.78, p < 0.05, Table 4.5). No published information on the 

relationship between the two traits was found for comparison, but the implication is that the 

propensity for checking in a tree was similar in heartwood and sapwood.  

There was a significant but weak positive correlation between the proportion of cracks in the 

whole disc and the heartwood with DBH (0.22). But tree height was not significantly correlated 

Trait Disc proportion of 

crack  

Heartwood proportion of 

crack  

Sapwood proportion of 

crack 

Heartwood proportion of crack 

 

0.94 (0.91, 0.96) 

p = 2.2e−16* 

  

Sapwood proportion of crack 

 

0.88 (0.84, 0.92) 

p = 2.2e−16* 

 

0.70 (0.59, 0.78) 

p = 2.2e−16* 

 

Air-dry density 

 

−0.09 (−0.26, 0.10) 

p = 0.35ns 

 

−0.09 (−0.27, 0.10) 

p = 0.27ns 

 

−0.09 (−0.26, 0.10) 

p = 0.38ns 

Volumetric shrinkage 

 

0.14 (−0.04, 0.31) 

p = 0.13ns 

 

0.08 (−0.10, 0.26) 

p = 0.37ns 

 

0.18 (0.00, 0.35) 

p = 0.06ns 

Dynamic MoE 

 

−0.03 (−0.21, 0.16) 

p = 0.78ns 

 

−0.10 (−0.24, 0.12) 

p = 0.50 ns 

 

0.00 (−0.19, 0.18) 

p = 0.98ns 

Growth strain 

 

−0.19 (−0.36, −0.01) 

p = 0.04* 

 

−0.21 (−0.37, −0.03) 

p = 0.02* 

 

−0.14 (−0.31, 0.04) 

p = 0.16ns 

Tree height 

 

0.16 (−0.03, 0.34) 

p = 0.10ns 

 

0.14 (−0.04, 0.32) 

p = 0.16ns 

 

0.15 (−0.04, 0.33) 

p = 0.11ns 

Acoustic velocity 

 

0.02 (−0.16, 0.12) 

p = 0.79ns 

 

−0.01 (−0.19, 0.18) 

p = 0.96ns 

 

0.05 (−0.14, 0.23) 

p = 0.64ns 

Straightness 

 

−0.10 (−0.24, 0.08) 

p = 0.33ns 

 

−0.05 (−0.24, 0.13) 

p = 0.62ns 

 

−0.15 (−0.32, 0.04) 

p = 0.15ns 

DBH 

 

0.22 (0.04, 0.38) 

p = 0.02* 

 

0.24 (0.06, 0.41) 

p = 0.01* 

 

0.13 (−0.10, 0.30) 

p = 0.16ns 
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with the proportion of cracks (Table 4.5). A weak correlation (rp = 0.22 & 0.31) was reported 

between the traits in other studies (Malan., 1984; Sargent et al., 2017).  

There was no significant correlation between air-dry density and checking (rp = −0.09, CI95% 

−0.26, 0.10, p > 0.05, Table 4.5). However, checking showed a significant weak negative 

correlation with density (rp = −0.15) in 8-year-old E. delegatensis which implies that density 

would appear to have only a slight impact on checking (King et al., 1993).  

No significant correlation was observed between checking and volumetric shrinkage (rp = 0.08 

& 0.18, p > 0.05, Table 4.5). The correlation observed between the traits in E. regnans was 

rp = 0.15 (Ilic, 1999). A strong correlation was found between collapse and volumetric 

shrinkage in E. nitens (Chauhan, 2004). It should be noted that volumetric shrinkage as 

measured in this study was the combined effect of shrinkage caused by removal of moisture 

from the wood cell wall (Walker, 2006) and the collapse of cell lumens caused by negative 

drying pressure (Chafe et al., 1992). The former increases while the latter tends to decrease 

with density.  

The association between checking and growth strain was negatively weak but significant for 

the whole disc and the heartwood (rp = −0.14 & −0.21, Table 4.5). This was unfavourable as a 

decrease in internal checking would coincide with an increase in growth strain. However, a 

positive correlation was reported between collapse and growth strain in E. nitens (Chauhan, 

2004).  

In this study no significant correlation of checking with stiffness, stem straightness or acoustic 

velocity was observed (Table 4.5). An absence of correlation between checking and acoustic 

velocity (rp  =  0.01) as well as stiffness (rp = 0.12) was also reported in 14-year-old E. nitens 

(Blackburn et al., 2010). 
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4.4 Conclusion 

Growth strain and checking were confirmed to be present in E. globoidea and should be 

considered in a breeding programme for wood quality. Growth strain was independent of 

growth but unfavourably correlated to the dynamic MoE. Consequently, trees with low growth 

strain and good growth should be present, while some compromise of stiffness would be 

expected for a low growth strain resource. Growth strain was higher in coppice than in samples 

obtained from the top the trees, indicating that samples from regrowth might experience high 

splitting due to growth strain during solid wood processing. However, this result needs to be 

confirmed as the effect of coppice was confounded with the stem height at which the samples 

were taken.  

E. globoidea stiffness was above 11 GPa for these young trees but might be worth including in 

a breeding programme if the trait is under genetic control and if structural products of highest 

performance are targeted.  

A substantial proportion of the E. globoidea trees showed checking, predominately in the 

heartwood and moderate severe checking was observed on this species in South Africa 

(Poynton, 1979). This defect should cause a reduction in the quality and value of the sawn 

timber during drying. The observed high variability of checking is a necessary prerequisite for 

successfully breeding trees with low checking. 
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Chapter 5. Genetic variation in wood properties of mid-rotation age  

 Eucalyptus globoidea 

 

5.1 Introduction 

Preservative-treated wood, such as CCA treated radiata pine, is a cheap, sustainable and 

consistently high durability alternative to naturally durable timber. On the other hand, 

disposing of CCA treated timber is costly for environmental reasons (Townsend & Solo-

Gabriele, 2006). Naturally durable timber is a biomaterial that can easily be recycled or 

disposed of. However, a large proportion of the current resource of naturally durable timber 

originates from endangered or unsustainably harvested tropical species (UNEP, 2012). 

Naturally durable timber has less pronounced and more variable durability than treated wood. 

The durability varies between trees due to a combination of genetic and environmental factors 

(Zobel & Jett, 1995). Genetic variation can be exploited in a breeding programme, while 

environmental variation needs to be addressed by appropriate siting and silviculture. There is 

also variability within trees, since sapwood is never regarded as naturally durable, and the 

durability of heartwood decreases towards the pith (AS5604, 2005). As a consequence the 

heartwood of younger trees tends to have lower durability than heartwood from older trees 

(Amusant et al., 2004). For the production of ground-durable posts from young trees grown in 

short rotation plantations it is necessary therefore to ensure that superior genetics and 

appropriate siting are selected. Young trees producing durable timber have been reported in 

breeding trials (Bush et al., 2011). On top of the typical radial pattern in durability, there are 

also reports of random spatial variation of EC within a stem (Li, 2018), which should result in 

a matching random spatial pattern in durability.  

Variation in natural durability will affect the longevity of wooden building structures and is 

therefore relevant for building standards. Knowledge of the genetic variation of durability 
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between trees and spatial patterns within trees can ensure the production of a quality building 

product (Harju & Venäläinen, 2002, 2006).  

Assessing wood durability is time consuming and expensive. On the other hand, breeding 

programmes benefit from large sample numbers (Raymond, 2002). Consequently, the natural 

durability of wood has found little uptake in tree breeding programmes. Natural durability 

assessments in breeding trials, including both sampling heartwood from the trees and assessing 

its durability, need to be quick and cost effective. Felling trees and sawing wood samples is 

destructive and too laborious for use in a breeding programme. A fast way to obtain a 

heartwood sample without damaging the tree is by coring (Estopa et al., 2017; Jones et al., 

2008). 

Direct assessments of natural durability by mass loss of wood samples when exposed to fungi 

(AWPC, 2007; CEN, 1989; EN-350-1, 1994) are impractical in a breeding context due to time 

and resource constraints (Bush & Walker, 2011; Harju & Venäläinen, 2006; Pâques et al., 

2013). Extractives in the heartwood are responsible for the natural durability of wood (Bush et 

al., 2011; Hawley et al., 1924) and have been reported to be under genetic control (Bush et al., 

2011; Li et al., 2018). Near-infrared (NIR) spectroscopy has been proven effective in predicting 

the EC in wood (Bush et al., 2011; Li et al., 2018; Stackpole et al., 2011). NIR spectra can be 

acquired within seconds from a solid wood surface and are an inexpensive method for assessing 

the chemical components of wood (Estopa et al., 2017; Greaves et al., 1996; Tsuchikawa & 

Schwanninger, 2013).  

The NIR spectra (wavelength 13,300 to 4,000 cm-1) comprise the overtones of molecular 

vibrations of the measured sample (Pasquini, 2003). Quantitative information on the chemical 

composition of the sample from the typically highly overlapped NIR signals can be deduced 

by multivariate statistical analyses such as partial least squares regression (PLSR) (Abdi, 2003; 

Mevik et al., 2015; Wehrens & Mevik, 2007), principal component regression (PCR) (Wold et 
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al., 1987), artificial neutral network (ANN) (Wu et al., 1996) or multiple linear regression 

(MLR) (Schwanninger et al., 2011). These procedures first require the establishment of a 

calibration from a sample set for which the variable to be predicted and the NIR spectra are 

available. In the case of EC, a calibration can be acquired by quantifying the EC in the 

heartwood using Soxhlet or accelerated solvent extraction (ASE) (TAPPI-T-280, 2007).  

NIR calibrations for the EC were reported to have a root mean square error (RMSE) of 0.91% 

to 1.16% for E. bosistoana (Li, 2018), an RMSE of 0.62% for Sweitenia marcrophylla (da 

Silva et al., 2013), and an RMSE of 0.66% for E. globoidea (Kuwabara, 2017). 

Variation of heartwood quantity and heartwood quality of some species such as E. bosistoana, 

E. cladocalyx, P. sylvestris and Juglans nigra (Bush et al., 2011; Ericsson & Fries, 1999; Fries 

& Ericsson, 1998; Li et al., 2018; Woeste, 2002) have been published, but no information on 

E. globoidea is available.  

This study examined core length, heartwood diameter, combined sapwood diameter, EC, 

sapwood collapse, heartwood collapse and acoustic velocity of E. globoidea. Breeding values 

of these traits were calculated for 141 families of 8-year-old E. globoidea. The genetic 

correlations between the wood traits were estimated so as to understand the correlated response 

to selection on a given trait.  

5.2 Materials and methods  

5.2.1 Trial 

The Atkinson trial in Wairarapa, New Zealand, with 141 E. globoidea families was used in this 

study (section 4.2.1). 

5.2.2 Coring 

All living trees not marked for removal with a diameter larger than 30 mm were sampled with 

a purpose-built corer. A bark-to-bark 14 mm diameter core including the pith was extracted at 
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50 cm above the ground with 2160 samples assessed in March 2019 (Figure 5.1). The cores 

were labelled and packed into a cooler box to avoid drying during the day. 

 

Figure 5.1: Coring an E. globoidea tree using a lightweight battery-powered 14 mm inner 

diameter corer. 

 

5.2.3 Heartwood quantity and quality 

The heartwood diameter in the stem was assessed by measuring the heartwood length with a 

ruler on the core samples in the green state on the day of coring. The heartwood was highlighted 

by applying an aqueous 0.1% solution of methyl orange, which changed to pink on heartwood 

while there was no colour change in the sapwood. The core samples were oven-dried at 60°C 

for a week. 

The cores were then sanded to expose a radial-tangential wood surface. Heartwood quality was 

assessed by predicting ethanol soluble EC from NIR spectra. These were taken using a fibre 

optics probe on the sanded surface of the oven-dried cores every 1 cm along the heartwood.  

The spectra were acquired from 9,000 to 4,000 cm-1 at 4 cm-1 intervals and 32 scans were 

averaged for each spectrum. Heartwood EC for individual spectra were predicted with a 

previously developed chemometric model (Li & Altaner, 2019) and the average heartwood EC 
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for the tree was calculated by averaging the radial values per core weighted by the 

representative heartwood area. The weighted EC was calculated using Equation 5.1. 

  𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = (2 ×  𝑟 + 1)  ×  𝐸𝐶  Equation 5.1 

 

where r is the position with respect to pith of the NIR spectra and EC is the extractive content 

of that position. 

 

5.2.4 Tangential collapse 

After the NIR measurements, the cores were equilibrated (~3 weeks) to a stable moisture 

content at 60% relative humidity and 25°C. Measuring samples for wood properties assessment 

in a breeding programme is time and cost consuming and to obtain a reference measurement, 

10 cores were randomly selected from the 2160 samples, and the widest tangential diameter of 

each was measured. While more accurate tangential shrinkage values could be obtained if all 

samples would have been measured in the green state, they were all extracted with identical 

corers and only relative measures are needed for ranking in a breeding trial. These values were 

averaged and used as D1 in Equation 5.2. Collapse was defined as the maximum tangential 

shrinkage in the core, separately for heartwood and sapwood. The narrowest tangential 

diameter of each core was measured in the sapwood with a vernier calliper (D2), as well as the 

two narrowest tangential diameters for the heartwood. The latter were subsequently averaged. 

Example of collapse in the E. globoidea cores are shown in Figure 5.2.  
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Figure 5.2: Variation in collapse in full diameter stem cores of 8-year-old E. globoidea. 

 

 Tangential collapse =
D1−D2

D1
 ×  100%    Equation 5.2 

 

5.2.5 Standing tree acoustic velocity 

A random sample of 10 trees per family was identified for families with more than 10 living 

trees. For families for which there were fewer than 11 standing trees, all trees in the family 

were sampled. A total of 1,252 trees were randomly selected for sampling in the trial, out of 

which 1,147 trees could be measured. The 105 tree difference was because they were either 

dead or missing in the field. Acoustic velocity was measured on these trees with the standing 

tree time-of-flight TreeTap tool (Toulmin & Raymond, 2007). The peg was put on the stem at 

a height of 0.3 m pointing up the stem, while the two probes were inserted at a height of 0.6 m 

and 1.6 m facing the peg, all at a 45° angle towards the stem axis (Legg & Bradley, 2016). A 

total of 8 measurements were taken per tree for all trees. Measurements were taken on only one 

side of the tree as family averages rather than values for individuals being targeted. The 

acoustic velocity was calculated using Equation 5.3.  
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 Acoustic velocity (
km

s
) =  

0.001 (km)

time (s)
     Equation 5.3 

 

5.2.6 Statistical analyses 

The data were subsequently analysed using R statistical software (R Core Team, 2019). A 

linear mixed model was used for the univariate analyses (heritability) using Equation 5.4. The 

details of analysis for genetic correlations between traits, coefficient of genetic variation, 

coefficient of phenotypic variation and genetic gain determination were discussed in Chapter 

2 and Chapter 3.  

𝑦𝑖𝑗𝑘 = 𝜇 + 𝑓𝑖 + 𝑏𝑗 + 𝑒𝑖𝑗𝑘    Equation 5.4 

 

where yijk is a phenotypic observation of a single trait,  is the overall intercept, fi is the random 

effect of the ith family, bj the random effect of the jth block and eijk the random residual for the 

kth individual of the ith family in the jth block. The residuals were assumed to be identically and 

independently normally distributed. The expected value for the phenotype is  while the 

variances for each of the random terms are  𝑉(𝑓) =  𝜎𝑓
2, 𝑉(𝑏) =  𝜎𝑏

2 and 𝑉(𝑒) =  𝜎𝑒
2. 

The notation can be expanded to a bivariate scenario using vectors that have two phenotypes 

for traits 1 and 2 for each individual. The variances are then Kronecker matrix products 𝑉(𝒇) =

𝑭0⨂𝒁𝑓,  𝑉(𝒃) = 𝑩0⨂𝒁𝑏 and 𝑉(𝒆) = 𝑬0⨂𝑰. where Zf, Zb and I are incidence matrices, 

connecting the observations to model terms and 𝑭𝟎, 𝑩𝟎 and 𝑹𝟎 are illustrated below.  

 

𝑭𝟎 =  [
𝜎𝑓1

2 𝜎𝑓12

𝜎𝑓12 𝜎𝑓2
2 ]  𝑩𝟎 =  [

𝜎𝑏1
2 𝜎𝑏12

𝜎𝑏12 𝜎𝑏2
2 ] 𝑹𝟎 =  [

𝜎𝑒1
2 𝜎𝑒12

𝜎𝑒12 𝜎𝑒2
2 ]  Equation 5.5 
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where 𝜎𝑓1
2 , 𝜎𝑏1

2 , 𝜎𝑒1
2  are the variances for family, block and residual; 𝜎𝑓12, 𝜎𝑏12 and 𝜎𝑒12 

represent the covariances for family, block and residual between traits 1 and 2. 

The phenotypic and additive genetic variations were estimated to compute the narrow sense 

half-sib heritability (h2) of each trait using Equation 5.6. 

h2 = 
𝑉𝑎𝑟(𝐴)

𝑉𝑎𝑟(𝑌)
 =   

4𝜎𝑓
2

𝜎𝑓
2 + 𝜎𝑏

2+ 𝜎𝑒
2     Equation 5.6 

The heritability estimated in this study assumed that families were true half-siblings with a 

relationship coefficient among families of one quarter. 

5.3 Results and discussion 

The descriptive statistics, heritabilities as well as CPV and CGV for the wood traits are 

presented in Table 5.1. 
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Table 5.1: Descriptive statistics, heritability (h2) with the 95% confidence interval in brackets 

for E. globoidea wood properties at age 8 years; coefficient of phenotypic variation (CPV) 

and coefficient of genetic variation (CGV) with 2160 samples tested.  

 

 

5.3.1 Growth 

High coefficients of variation were observed for EC, combined sapwood diameter, heartwood 

diameter, core length and sapwood collapse. Variation for sapwood diameter was larger than 

for core length and heartwood diameter. The average heartwood diameter was 91.0 mm and 

ranged from 0 to 190 mm with a CPV of 28.90%, indicating that some trees had not formed 

heartwood yet (Table 5.1). The 8-year-old E. globoidea trees had produced more heartwood 

(mean heartwood diameter 91.0 mm) than that reported for 7-year-old E. bosistoana (31.7 mm 

& 42.1 mm) at two sites (Li et al., 2018). This implied that E. globoidea produces heartwood 

at an earlier age compared to E. bosistoana. However, the coefficient of phenotypic variation 

Trait Mean Standard 

deviation 

Min Max CPV 

(%) 

CGV 

(%) 

h2 (rc = 0.25) 

Core length (mm) 141.9 

 

33.7 

 

60 

 

255  

  

23.75 19.59 0.67 (0.49, 0.85) 

Heartwood diameter 

(mm) 

91.0 

 

26.3 

 

0 

 

190 

 

28.90 20.70 0.51 (0.36, 0.66) 

Combined sapwood 

diameter (mm) 

50.9 

 

16.2 

 

6 

 

150 

 

31.83 25.44 0.63 (0.45, 0.80) 

Predicted EC (%)  9.4 4.5 −4.4 31.7 47.87 51.58 1.16 (0.90, 1.39) 

Acoustic velocity 

(km/s) 

2.96 0.31 2.13 4.27 10.47 6.24 0.36 (0.18, 0.54) 

Heartwood collapse 

(%) 

18.2 6.9 −2.9 45.5 37.91 19.16 0.30 (0.17, 0.40) 

Sapwood collapse 

(%) 

3.2 5.4 −14.1 25.1 168.75 56.52 0.12 (0.03, 0.21) 
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(51% and 61%) reported for E. bosistoana planted at two different sites was higher than the 

value observed for E. globoidea (CPV = 28.90%). In 9-year-old E. globulus, heartwood 

diameter ranged from 61 to 98 mm with a CPV of 6.8% to 45.1% (Miranda et al., 2014). The 

mean heartwood diameter reported for 8-year-old E. cladocalyx ranged from 58 to 82 mm with 

a CPV of 29% in three different locations (Bush et al., 2011). The coefficient of variation 

observed in the present study fell within this range. The heartwood diameter varied between 

and within the families, with the top families having an average heartwood diameter twice as 

large as the bottom families (~120 mm vs 60 mm). The few families having a small spread was 

due to the small number of available samples (Figure 5.3). 

The combined sapwood diameter ranged from 6 to 150 mm with a mean of 50.9 mm and a 

CPV of 31.83% (Table 5.1). The average value reported in this study was lower than that 

reported for 7-year-old E. bosistoana (60.4 mm and 70.3 mm) planted at two different locations 

in New Zealand as part of the NZDFI breeding programme (Li et al., 2018). This confirmed 

the finding that E. globoidea has a narrow sapwood band (Bootle, 2005). The CPV for E. 

globoidea (31.83%) was slightly higher than for E. bosistoana (26%) (Li et al., 2018). The 

sapwood diameter reported for 9-year-old E. globulus ranged from 16 to 29 mm (Miranda et 

al., 2014). The sapwood diameter reported for 8-year-old E. cladocalyx was 50 to 74 mm (Bush 

et al., 2011). A similar coefficient of variation (24% to 29%) was reported for 34- to 36-year-

old L. kaempferi and L. decidua (Pâques, 2001). 
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Figure 5.3: Between- and within-family variation in heartwood diameter of 8-year-old E. 

globoidea. 

 

5.3.2 Extractive content (EC) 

The predicted EC ranged from −4.4% to 31.7% with a mean of 9.4% and had a CPV of 47.87%. 

The PLSR model for EC predicted occasional negative values (Figure 5.4). This was a result 

of not constraining the PLSR model to the possible space of 0% to 100% but did not affect its 

validity. The mean was comparable to 7-year-old E. bosistoana for which 7.7% and 9.6% EC 

was observed at two sites, with a CPV of 46% (Li et al., 2018). However, the EC of E. 

globoidea was lower than the average 12% observed for same aged E. cladocalyx using NIR 

spectroscopy (Bush et al., 2011). Furthermore, the CPV of 47.87% observed in this study was 

lower than the coefficient of genetic variation (CGV = 51.58%) (Table 5.1) and this was 

because the standard deviation of the additive genetic variance was higher than the standard 
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deviation of the phenotypic variation, leading to a higher coefficient of genetic variation for 

EC. 

EC varied within and between the families in the breeding population, with the worst 

performing families averaging an EC of less than 5%, while the best performing families 

averaged ~15% (Figure 5.4). 

 

Figure 5.4: Within- and between-family variation in EC of 8-year-old E. globoidea. 

 

5.3.3 Collapse 

Tangential collapse in the heartwood region ranged from −2.9 to 45.5% with a mean of 18.2%, 

a mean that is similar to the collapse reported in E. nitens (18.6%) (Kube, 2005) and E. dunnii 

(14.9%) (Arnold et al., 2004). Occasional negative values for collapse were a result of using 

an average core diameter as a reference dimension. From breeding point of view, relative 
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values are enough for ranking and selecting trees. However, care must be taken when 

comparing the mean values reported for collapse from different studies, as the measurement 

techniques differed. The coefficient of variation in collapse reported in this study was high 

(37.91%) and corresponded to the observed value (37%) for 6.5-year-old E. dunnii (Arnold et 

al., 2004). Collapse in the sapwood was lower, with a mean value of 3.2%, but more variable 

(ranging from −14.1% to 25.1% with a CPV of 168.75%) compared to collapse in heartwood. 

The reason for the higher variability of collapse in sapwood compared to heartwood is unclear, 

however, sapwood collapse is of little practical relevance as heartwood is the target product.  

It is thought that collapse is caused by negative pressure generated over gas–liquid surfaces 

with high curvature when water evaporates from the wood. Extractives can reduce pore 

size/permeability of cell walls and therefore increase the likelihood of collapse in heartwood 

(Chafe et al., 1992).  

The heartwood collapse varied within and between the families in the breeding population with 

the top families averaging ~10% tangential collapse, while the worst performing families 

averaged ~25% (Figure 5.5). 
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Figure 5.5: Within- and between-family variation in heartwood collapse of 8-year-old E. 

globoidea.  

 

5.3.4 Stiffness 

The acoustic velocity ranged from 2.13 to 4.27 km/s with a mean of 2.96 km/s and a CPV of 

10.47% (Table 5.1). It is not straight forward to compare standing tree acoustic velocity 

measurements to other studies, as the three commonly used acoustic tools appear to provide 

different absolute values, with the ST300 yielding faster velocities than the IML hammer and 

TreeTap (Dungey et al., 2012). The standing tree acoustic velocity (TreeTap) of 2.96 km/s was 

similar to the 2.5 km/s (ranging from 2.2 to 2.8 km/s) reported for the species at age 25 years  

(Jones et al., 2010) using the IML hammer. This compares to 2.7 km/s for 10-year-old P. 

radiata in Australia measured with TreeTap (Toulmin & Raymond, 2007). No standing tree 

time-of-flight data is available for comparison for the other durable eucalypts in the NZDFI 

breeding population. At age 8 years, E. fastigata was reported to average 3.4 km/s (Suontama 
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et al., 2018), E. nitens averaged close to 4.0 km/s at harvesting age (Blackburn et al., 2019; 

Sargent & Gaunt, 2018) and Pseudotsuga menziesii averaged 3.9/5.0 km/s at two sites at age 

20 years (Klápště et al., 2019), all measured with the ST300 standing tree time-of-flight 

acoustic tool. Comparable coefficient of variations were reported in the literature. A CPV of 

7.87% was revealed for 8-year-old E. fastigata (Suontama et al., 2018), a range of 8.1 to 10.2% 

was observed for 20-year-old P. menziesii (Klápště et al., 2019) and a CPV of 9.05% was 

reported for P. sylvestris (Hong et al., 2015). However, a low CPV of 2.2% was reported for 

10-year-old P. radiata (Toulmin & Raymond, 2007). Age has  significant effect on the acoustic 

velocity of young trees, as the MFA decreases with cambial age (Lachenbruch et al., 2011). 

The mean acoustic velocity also varies from species to species but is generally lower in 

softwoods due to their higher MFA (Lindström et al., 2002).  

Family rankings based on average tree acoustic velocity measurements were displayed in 

Figure 5.6. Top families averaged more than 3.2 km/s, while the worst performing families 

barely exceeded 2.5 km/s. 
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Figure 5.6: Within- and between-family variation of standing tree acoustics of 8-year-old E. 

globoidea families at Atkinson. 

 

5.3.5 Heritability (h2) and coefficient of genetic variation (CGV) 

The coefficient of relatedness (rc) used in this study was that of half-siblings (rc = 0.25) as the 

families were assumed to be unrelated to each other.  

5.3.5.1 Growth 

The heritability estimate for heartwood diameter was 0.51 (CI95% 0.36, 0.66) and had a CGV 

of 20.7%. A CGV of 7.58% was reported for heartwood to sapwood ratio in 8-year-old E. 

grandis (Santos et al., 2004). The heritability for heartwood diameter ranged from 0.39 to 2.0 

for Eucalyptus and other tree species (Table 5.2), comparable with the result of the current 

study. With the variation found in E. globoidea, selection for heartwood diameter benefits the 
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production of small posts; however, the coefficient of variation may decline with tree age (Bush 

et al., 2011). 

Table 5.2: Literature reports for heritability (h2) values of heartwood diameter in different 

tree species. 

Species rc h2 Converted h2 (rc = 0.25) Reference 

E. cladocalyx 0.4 0.3 to 0.38 0.48 to 0.61     Bush et al. (2011) 

E. grandis 0.25 0.39 0.39 Santos et al. 

(2004) 

E. bosistoana 0.4 0.66 to 0.71 1.05 to 1.14 Li et al. (2018) 

Tectona grandis 1 0.27 1.08 Naranjo et al. 

(2012) 

P. sylvestris 0.5 0.3 to 0.5 0.60 to 1.00 Fries and Ericsson 

(1998); Ericsson 

and Fries (1999) 

Sequoia sempervirens 1 0.4 to 0.5 1.6 to 2.0 Meason et al. 

(2016) 

L. eurolepis 0.5 0.68 1.36 Pâques and 

Charpentier 

(2015) 

 

The heritability for combined sapwood diameter and core length was 0.63 (CI95% 0.45, 0.80) 

and 0.67 (CI95% 0.49, 0.85), with CGVs of 25.44% and 19.59%, respectively. Similar 

heritabilities (0.66 to 0.82) were reported for sapwood diameter in 7-year-old E. bosistoana (Li 

et al., 2018) and L. kaempferi (Pâques, 2001). Lower heritability (h2 = 0.2 to 0.4) was observed 

for sapwood traits in P. radiata (Kennedy et al., 2013) and the reason for this lower heritability 

might be due to the late development of heartwood in this species.  
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The heritability of core length was comparable to the range (0.13 to 1.78) reported for DBH in 

previous studies (Table 5.3). In contrast, the CGV (19.59%) for core length was at the lower 

end of the range (15.1% to 87.1%) reported for growth of Eucalyptus hybrid clones (Wu et al., 

2017). 

Table 5.3: Literature reports of heritability (h2) values for DBH in different species. 

Species rc h2 Converted h2 (rc = 0.25) Reference 

E. nitens 0.4 0.18 0.29 Whiteman 

(1992) 

E. globulus 0.54 0.1 0.19 Woolaston et al. 

(1991) 

E. bosistoana 0.25 0.13 to 0.18 0.13 to 0.18 Burgess (2015) 

E. bosistoana 0.4 0.69 to 1.11 1.10 to 1.78 Li et al. (2018) 

E. nitens 0.4 0.32 to 0.45 0.51 to 0.72 Kube (2005) 

T. grandis 1 0.36 1.44 Naranjo et al. 

(2012) 

P. menziesii 0.25 0.17 0.17 Dungey et al. 

(2012) 

 

5.3.5.2 Extractive Content  

The heritability estimate for EC was 1.16 (CI95%
 0.90, 1.39) and had a CGV of 51.58%. The 

relatedness coefficient (0.25) used in this study pushed the heritability estimate above 1, 

indicating inbreeding effects (Eldridge et al., 1993; Elliott & Byrne, 2003).  
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In general, heritability reported for EC ranged from 0.19 to 0.56 for eucalypts and ~1.1 for L. 

eurolepis (Table 5.4). 

The high CGV (51.58%) for EC in 8-year-old E. globoidea (the selection trait) indicates that 

the breeding could deliver improvement in harvest-age EC (the objective trait) for this species. 

 

Table 5.4: Literature reports of heritability (h2) values for EC in different species. 

 

Species rc h2 Converted h2 (rc = 0.25) Reference 

E. bosistoana 0.4 0.12 to 0.25 0.19 to 0.40 Li et al. (2018) 

E. globulus 0.4 0.25 to 0.35 0.40 to 0.56 Poke et al. (2006); 

Stackpole et al. 

(2011) 

E. cladocalyx 0.4 0.25 0.40 Bush et al. (2011) 

L. eurolepis 0.5 0.67 to 0.68 1.07 to 1.09 Pâques and 

Charpentier (2015) 

 

5.3.5.3 Collapse 

The heritability estimate for collapse in the heartwood was 0.30 (CI95% 0.17, 0.40) with a CGV 

of 19.16%. The heritability for collapse in the sapwood was low (h2 = 0.12 (CI95% 0.03, 0.21); 

CGV = 56.52%). With the low heritability, substantial genetic gain should not be expected for 

collapse in the sapwood. Collapse in the sapwood (max. 25.14 %) was not as pronounced as in 

heartwood (max. 45.53%) and the narrow sapwood band in E. globoidea is also unlikely to be 

convertible into solid wood products.  
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The heritability of collapse in the heartwood was similar to most reports for other eucalypts 

(Table 5.5). The location where E. delegatensis seed was collected was reported to influence 

the severity of the collapse, indicating that collapse is under genetic control (King et al., 1993). 

The seed source was also reported to have significant effect on the intensity of the collapse in 

E. grandis (Bandara, 2006). 

 

Table 5.5: Literature reports of heritability (h2) values for collapse in different eucalypts. 

Species h2 Reference 

E. nitens 0.28 Hamilton et al. (2004) 

E. grandis 0.23 to 0.31 Bandara (2006) 

E. nitens 0.23 to 0.61 Kube (2005) 

E. dunnii 0.75 Arnold et al. (2004) 

 

The heritability, although low, along with the coefficient of genetic variability (19.16%) 

estimates indicated that E. globoidea exhibits reasonable potential for improving tangential 

collapse in heartwood through selection.  

5.3.5.4 Stiffness 

The heritability reported for acoustic velocity was 0.36 (CI95% 0.18, 0.54) with a CGV of 

6.24%. Similar heritability has been reported in the literature: 0.26 to 0.75 for 11- to 13-year-

old P. menziesii (Douglas fir) (Dungey et al., 2012; Klápště et al., 2019) and 0.35 for an E. 

fastigata progeny trial (Suontama et al., 2018). The coefficient of genetic variation reported in 
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this study was low (Table 5.1). Even lower genetic variabilities have been reported in the 

literature, for example 4.58% to 5.13% for P. menziesii (Klápště et al., 2019). With the low 

genetic variability observed for acoustic velocity, this can limit the potential for genetic 

improvement of stiffness. 

The relatedness coefficient used in the previous studies for E. bosistoana (Davies, 2019; Li, 

2018) was lower than the factor of 0.25 used to calculate heritability in this study. The genetic 

structure of the studied species was different, leading to different assumptions for the 

relatedness coefficient. For example open pollinated progeny was regarded as half sibling and 

a relatedness coefficient (rc) of 0.4 was assumed (Bush et al., 2011; Li et al., 2018; Poke et al., 

2006; Stackpole et al., 2011) while controlled pollinated were regarded as full-siblings and a 

relatedness coefficient of 0.5 was used to estimate heritability (Pâques & Charpentier, 2015). 

In the absence of genetic data able to establish the true relatedness, the different assumptions 

could have a significant effect on the estimated genetic parameters (see Chapter 1 for more 

details).  

5.3.6 Phenotypic and genetic correlations between traits 

The phenotypic and genetic correlations between the wood traits are presented in Table 5.6 and 

Table 5.7. 
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Table 5.6: Phenotypic correlations between traits for 8-year-old E. globoidea (95% 

confidence interval in brackets) with 2160 samples tested. 

Trait Core length Sapwood 

collapse 

Heartwood 

diameter 

Combined 

sapwood 

diameter 

EC Acoustic 

velocity 

Heartwood 

collapse 

−0.03 

 

(−0.07, 0.02) 

 

0.44 

 

(0.41, 0.48) 

0.03 

 

(−0.03, 0.06) 

−0.09 

 

(−0.13, −0.05) 

0.11 

 

(0.06, 0.15) 

−0.01 

 

(−0.07, 0.05) 

 p = 0.21ns p = 2.2e−16* p = 0.22ns p = 5.6e−06* p = 2.1e−07* p = 0.02* 

 

Core length  −0.10 

 

(−0.14, −0.06) 

 

p = 5.1e−06* 

0.88 

 

(0.87, 0.89) 

 

p = 2.2e−16* 

0.65 

 

(0.62, 0.67) 

 

p = 2.2e−16* 

−0.31 

 

(−0.35, −0.27) 

 

p = 2.2e−16* 

0.15 

 

(0.10, 0.20) 

 

p = 9.3e−07* 

 

Sapwood 

collapse 

  −0.08 

 

(−0.13, −0.05) 

 

p = 0.000* 

−0.07 

 

(−0.11, −0.02) 

 

p = 0.001* 

−0.012 

 

(−0.06, 0.03) 

 

p = 0.84ns 

−0.01 

 

(−0.07, 0.05) 

 

p = 0.71ns 

       

Heartwood 

diameter 

   0.20 

 

(0.17, 0.25) 

 

p = 2.2e−16* 

−0.14 

 

(−0.18, −0.10) 

 

p = 1.0e−09* 

0.14 

 

(0.09, 0.20) 

 

p = 1.5e−05* 

 

 

Combined 

sapwood 

diameter 

    −0.42 

 

(−0.46, −0.39) 

 

p = 2.2e-16* 

0.08 

 

(0.02, 0.13) 

 

p = 0.002* 

 

       

EC      −0.07 

 

(−0.13, −0.02) 

 

p = 0.003* 

 

ns: not significant at p > 0.05; * significant at p < 0.05
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Table 5.7: Genetic correlation between the traits for 8-year-old E. globoidea (95% confidence 

interval in brackets) with 2160 samples tested. 

Trait Core length Sapwood 

collapse 

Heartwood 

diameter 

Combined 

sapwood 

diameter 

EC Acoustic 

velocity 

Heartwood 

collapse 

−0.05 

 

(−0.30, 0.22) 

 

p = 0.06ns 

0.64 

 

(0.36, 0.90) 

 

p = 5.04* 

−0.09 

 

(−0.36, 0.19) 

 

p = 0.19ns 

−0.02 

 

(−0.25, 0.30) 

 

p = 0.01ns 

0.23 

 

(−0.01, 0.45) 

 

p = 1.66ns 

0.05 

 

(−0.39, 0.48) 

 

p = 0.02ns 

       

Core length  0.18 

 

(−0.15, 0.50) 

 

p = 0.48ns 

0.91 

 

(0.87, 0.95) 

 

p =75.95* 

0.82 

 

(0.75, 0.89) 

 

p = 42.45* 

−0.67 

 

(−0.81, −0.54) 

 

p = 24.43* 

0.18 

 

(−0.09, 0.45) 

 

p = 0.77ns 

 

       

Sapwood 

collapse 

  0.16 

 

(−0.17, 0.51) 

 

p = 0.39ns 

0.16 

 

(−0.17, 0.52) 

 

p = 0.36ns 

−0.05 

 

(−0.36, 0.29) 

 

p = 0.029ns 

0.05 

 

(−0.55, 0.62) 

 

p = 0.00ns 

       

Heartwood 

diameter 

   0.53 

 

(0.35, 0.71) 

 

p = 10.76* 

−0.45 

 

(−0.62, −0.28) 

 

p = 8.61* 

0.10 

 

(−0.19, 0.43) 

 

p = 0.28ns 

 

       

Combined 

sapwood 

diameter 

    −0.79 

 

(−0.89, −0.69) 

 

p = 37.64* 

0.24 

 

(−0.01, 0.54) 

 

p = 1.16ns 

       

EC      −0.15 

 

(−0.41, 0.12) 

 

p = 0.60ns 

       

ns: not significant at p < 2; * significant at p > 2
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5.3.6.1 Growth 

There were significant positive phenotypic correlations between core length and combined 

sapwood diameter (rp
 = 0.65, CI95% 0.62, 0.67) as well as heartwood diameter (rp =

 0.88, CI95% 

0.87, 0.89) (Table 5.6). The strong positive correlations between the two traits and core length 

indicated that larger trees have more heartwood as well as sapwood. Similar phenotypic 

correlation was reported between the DBH and heartwood diameter for 7-year-old E. 

bosistoana (rp = 0.59) (Li et al., 2018), 22.5-year-old E. tereticornis (rp = 0.79) (Kumar & 

Dhillon, 2014), Acacia melanoxylon (rp = 0.88) (Knapic et al., 2006) and 30- to 37-year-old 

plantation grown P. radiata (rp = 0.71) (Wilkes, 1991). The significant genetic correlation 

between heartwood diameter and core length was stronger than the phenotypic correlation 

(rg = 0.91, CI95% 0.87, 0.95, Table 5.7). Strong positive genetic correlations between these traits 

were also reported for 9-year-old E. globulus (rg = 0.99) (Miranda et al., 2014), 7-year-old E. 

bosistoana (rg = 0.89 to 0.98) (Li et al., 2018), E. cladocalyx (rg = 0.44) (Bush et al., 2011), L. 

kaempferi (rg = 0.87 to 0.92) (Pâques, 2001) and 35-year-old Juglans nigra (rg = 0.98) (Woeste, 

2002). No genetic correlation (rg = 0.022) was reported between the two traits for 25-year-old 

P. sylvestris (Fries & Ericsson, 1998).  

The correlation between heartwood diameter and core length observed in the present study is 

encouraging and it should be possible to improve diameter and enhance heartwood diameter 

simultaneously. 

Significant correlations between the combined sapwood diameter and heartwood diameter at 

the phenotypic (rp = 0.20, CI95% 0.17, 0.25, p < 0.05, Table 5.6) and genetic level (rg = 0.53, 

CI95% 0.35, 0.71, Table 5.7) were comparable with the result reported for 7-year-old E. 

bosistoana (rg = 0.47) (Li et al., 2018).  
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5.3.6.2 Extractive content 

A weak but significant negative phenotypic correlation was observed between the heartwood 

diameter and the EC at the phenotypic level (rp = −0.14, CI95% −0.18, −0.10, p < 0.05, Table 

5.6). The negative genetic correlation between the traits was also significant (rg = −0.45, CI95% 

−0.62, −0.28, Table 5.7). The negative correlation indicated that trees with more heartwood 

tend to have lower amounts of EC in the heartwood. A strong negative genetic correlation (rg 

= −0.86) was reported between the heartwood diameter and EC for 7-year-old E. bosistoana in 

one of two assessed sites (Li et al., 2018). However, a positive genetic correlation between the 

heartwood diameter and the EC (rg = 0.32) was found for L. eurolepis (Pâques & Charpentier, 

2015). The negative impact of tree size on extractive content is likely a result of resource 

allocation in the tree, i.e. photosynthesis products are needed for both, formation of new xylem 

by the cambium and extractives in the transition zone.   

With the negative correlation observed in my study, selection for high durability, that is, EC, 

of E. globoidea is likely to require a compromise in heartwood quantity; however, as the 

correlation is not perfect, correlation breakers excelling in both traits might be found. 

5.3.6.3 Collapse 

Heartwood collapse was not correlated with core length at the phenotypic (rp = −0.03, CI95% 

−0.07, 0.02, p > 0.05, Table 5.6) and genetic levels (rg = −0.05, CI95% −0.30, 0.22, Table 5.7). 

Therefore, having bigger trees with low collapse appears to be feasible. In contrast positive 

phenotypic and genetic correlations (rp = 0.47, rg = 0.75 ± 0.10 standard error) were reported 

between the two traits in 12-year-old E. nitens (Kube, 2005).  

The significant relationship between collapse in the sapwood and heartwood was positive at 

the phenotypic level (rp = 0.44, CI95% 0.41, 0.48, Table 5.6), and the genetic level (rg = 0.64, 

CI95% 0.36, 0.90, Table 5.7), suggesting that collapse is rooted in wood anatomy and then 
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amplified by EC. No published results on the correlations between the two traits were found, 

probably because breeding programmes for solid wood products are rare.  

Heartwood collapse was significantly correlated with EC at the phenotypic level (rp = 0.11, 

CI95% 0.07, 0.15, p < 0.05) but not at the genetic level (rg = 0.23, CI95% −0.01, 0.45). Similarly, 

a positive phenotypic correlation was reported between the two traits for E. regnans (Chafe, 

1987). The positive correlation between the traits was in line with current understanding of the 

causes for collapse, as the heartwood extractives reduce the permeability of the cell walls, 

probably increasing the negative pressure during evaporation of water. However, as this 

correlation was not strong other factors contribute to collapse. 

5.3.6.4 Stiffness 

There  was a significant correlation between core length and acoustic velocity at the phenotypic 

(rp = 0.15, CI95% 0.1, 0.2, p < 0.05, Table 5.6) and not at the genotypic level (rg = 0.18, CI95% 

−0.09, 0.45, Table 5.7). Low phenotypic relationships between these traits have also been 

reported for 8- to 25-year-old P. radiata (0.04 to 0.18) (Chauhan & Walker, 2006; Toulmin & 

Raymond, 2007) and 25-year-old E. dunnii (0.14) (Joe et al., 2004). The lack of correlation 

between the two traits indicated that acoustic velocity was independent of the core length, that 

is, tree growth. Acoustic velocity was significantly correlated with the heartwood diameter at 

the phenotypic level (rp = 0.14, CI95% 0.09, 0.20, p < 0.05) but independent at the genetic level 

(rg = 0.10, CI95% −0.19, 0.43, Table 5.7). Therefore, the two traits need to be improved 

independently. Furthermore, the non-significant correlation between acoustic velocity and EC 

at the genetic (rg = −0.15, CI95% −0.41, 0.12) and phenotypic level (Table 5.6) implied that the 

two traits can be independently improved. 

While E. globoidea is significantly stiffer than P. radiata, it is the least stiff NZDFI species 

(Table 1.1). For high stiffness engineered wood products applications (Millen et al., 2018), 

selection for acoustic velocity might be useful for this species. 
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5.3.7 Genetic gain 

The genetic gain for individual E. globoidea wood properties at age ~8 years were presented 

in Table 5.8 for a series of selection intensities. The estimations of genetic gain were based on 

individual breeding values for each trait, that is, the genetic correlations between the traits were 

ignored.  

 

Table 5.8: Expected genetic gain for individual traits of 8-year-old E. globoidea breeding 

population when selecting for each trait individually with the percentage change compared to 

the population mean in brackets.  

 

As expected, genetic gain increased as the selection intensity increased, but the achievable gain 

differed for the traits. For instance, selecting the top family for the key traits of EC or heartwood 

diameter improved those traits compared to the population mean by 114% and 47% 

respectively. For acoustic velocity, the top family was only 13% above the species average. In 

a culling scenario, which might be chosen for heartwood collapse, where the worst performing 

Trait Top 1 Top 7 Top 14 Top 28 Top 35 Top 71 Top 134 Worst 7 

Heartwood 

diameter (mm) 

42.3 

(46.50%) 

35.7 

(39.23%) 

31.4 

(34.51%) 

24.1 

(26.48%) 

21.4 

(23.52%) 

11.8  

(12.97%) 

1.4 

(1.54%) 

 

−26.2 

(−28.79%) 

Sapwood 

diameter (mm) 

28.9 

(56.78%) 

22.9 

(44.99%) 

19.8 

(38.89%) 

15.7 

(30.84%) 

14.4 

(28.29%) 

8.5 

(16.70%) 

 

1.1 

(2.16%) 

−20.3 

(−39.88%) 

Core length 

(mm) 

66.0 

(46.51%) 

51.5 

(36.29%) 

43.9 

(30.94%) 

35.1 

(24.74%) 

32.1 

(22.62%) 

18.9 

(13.32%) 

2.2 

(1.55%) 

−41.9 

(−29.53%) 

EC (%) 10.7 

(113.83%) 

9.26 

(98.51%) 

8.34 

(88.72%) 

6.72 

(71.49%) 

6.09 

(64.79%) 

3.41 

(36.28%) 

0.40 

(4.26%) 

−7.60 

(−80.85%) 

Acoustic 

velocity (km/s) 

0.37 

(12.50%) 

0.26 

(8.78%) 

0.23 

(7.77%) 

0.18 

(6.08%) 

0.17 

(5.74%) 

0.10  

(3.38%) 

0.01 

(0.34%) 

−0.21 

(−7.09%) 

Heartwood 

collapse (%) 

−7.32 

(−40.22%) 

−5.54 

(−30.44%) 

−4.71 

(−25.88%) 

−3.84 

(−21.09) 

−3.49 

(−19.18) 

−2.11 

(−11.59) 

−0.26 

(−1.43) 

4.97 

(27.31%) 
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5% of the families are removed, no significant genetic gain (~1%) will be achieved but the 

removed material would have caused the most drying defects, expressing 27% more collapse 

than the average.  

In this tree breeding programme, it is not practical to select the top ranking 1%, that is, only 

one family, as many families will be required to preserve genetic diversity for succeeding 

generations. Removing the worst families, for collapse, for example, will be beneficial. 

The genetic gains estimated for this open pollinated population might be overestimated, since 

the assumed half-sibling relatedness in the families probably underestimated their relatedness 

(refer to details in section 1.7). However, the genetic gains for the traits can be compared within 

the population. The large achievable genetic gain for EC is encouraging if naturally ground-

durable timber at young age is targeted for use as posts.  

The genetic gain estimated for heartwood diameter when selecting for the best 10% to 20% of 

families ranged from 31.4 mm to 24.1 mm, higher than the gain reported for 7-year-old E. 

bosistoana (21.9 mm to 13.8 mm) (Li et al., 2018) at two different sites in New Zealand. In 9-

year-old E. grandis, 6.08% genetic gain was made for the heartwood/sapwood ratio by 

selecting the top 20% (Santos et al., 2004). 

For ground-durable agricultural posts heartwood diameter and EC are crucial, while collapse 

and stiffness are probably not critical. For high stiffness veneers for LVL, core length, stiffness 

and probably collapse will be crucial, while heartwood quantity and quality are not of primary 

concern. 

Multiple trait selection 

In any breeding programme, the objective is typically to improve multiple traits, either by 

selecting the best or culling the worst families, as previously stated in section 3.3.3. It is 

difficult to select individuals for all traits in any breeding programme (Verryn, 2008). As traits 
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are typically not independent of each other (Table 5.7), selection for one trait has consequences 

on the genetic gain of others. Therefore selection for multiple traits requires breeding goals, 

which need to be set by the industry and are ideally based on economic weights (Candy & 

Gerrand, 1997; Evison & Apiolaza, 2015; Jansson et al., 2017). A simple way of identifying 

superior genetics, which is by no means optimal, is weighing all traits equally and selecting 

families that have above average breeding values in several traits. The families with above and 

below average breeding values for heartwood diameter, EC, collapse and acoustic velocity 

were identified in Table 5.9. Counting the number of traits in which a family is above average 

allows the identification of families that are superior in numerous traits. If the target of the 

breeder were to simultaneously improve the durability (using EC as selection criterion) and 

heartwood diameter in the species, 19 families would meet the criteria. Collapse is a problem 

for the production of sawn timber from eucalyptus (Chafe et al., 1992) and E. globoidea is a 

species susceptible to collapse (Poynton, 1979). Therefore, collapse as a trait should be 

considered in the tree improvement programme for this species if logs are to be sold for dried 

sawn timber. If families with low collapse additional to the good heartwood features are 

desired, the number of families to be selected reduced to four. Including also stiffness (acoustic 

velocity), the number of families meeting these requirements reduced to two. It is important to 

note that the average families identified above were not representing the top families in the 

traits with the largest genetic gain.  

The breeder might not want to consider acoustic velocity (or weight the trait less) as E. 

globoidea is known to be stiff (17 GPa) compared to P. radiata (9.1 GPa) (Bootle, 2005). If 

the sawmiller is interested in a super-stiff timber like E. bosistoana (21 GPa), there might be a 

need to improve the acoustic velocity of E. globoidea. Furthermore, E. globoidea is categorized 

as a class 2 ground-durable wood, that is, not as durable as E. bosistoana (class 1) (AS5604, 

2005). In a situation where the wood users are interested in highly ground-durable products, 
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intense selection for EC would be necessary. As stated earlier, E. globoidea is prone to collapse 

but culling the worst families from the breeding population might be sufficient to avoid most 

processing problems. 
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Table 5.9: Family breeding values for 8-year-old E. globoidea classified as being superior (0) 

and inferior (1) to the population average.  

Family Heartwood diameter Extractive content Heartwood collapse Acoustic velocity All 

traits  BV (mm) Selection BV (%) Selection BV (%) Selection BV (km/s) Selection 

300 31.91 0 4.24 0 −3.93 0 0.14 0 0 

308 3.77 0 3.50 0 −0.41 0 0.13 0 0 

202 −9.70 1 6.42 0 −0.32 0 0.14 0 1 

209 4.44 0 9.64 0 1.46 1 0.15 0 1 

219 −0.33 1 2.48 0 −4.70 0 0.07 0 1 

221 −10.16 1 0.00 0 −0.39 0 0.03 0 1 

238 4.63 0 −8.23 1 −1.65 0 0.04 0 1 

241 8.55 0 −3.23 1 −5.30 0 0.13 0 1 

242 1.38 0 0.20 0 1.63 1 0.13 0 1 

244 1.08 0 −3.49 1 −0.64 0 0.13 0 1 

245 2.24 0 −2.31 1 −1.52 0 0.10 0 1 

257 13.29 0 −2.99 1 −1.72 0 0.09 0 1 

262 13.54 0 −5.31 1 −3.65 0 0.20 0 1 

265 12.59 0 −1.09 1 −4.46 0 0.08 0 1 

266 17.69 0 0.12 0 2.99 1 0.11 0 1 

270 5.97 0 −3.71 1 −3.72 0 0.23 0 1 

273 3.96 0 −2.30 1 −1.75 0 0.11 0 1 

274 8.87 0 −3.43 1 −2.31 0 0.02 0 1 

276 23.94 0 −3.75 1 −3.00 0 0.19 0 1 

286 17.07 0 0.87 0 −0.26 0 −0.14 1 1 

287 28.82 0 −1.14 1 −2.02 0 0.35 0 1 

294 10.96 0 2.18 0 −3.85 0 −0.13 1 1 

303 38.57 0 −1.01 1 −1.58 0 0.26 0 1 

307 −33.85 1 2.70 0 −1.05 0 0.20 0 1 

319 32.90 0 −1.97 1 −0.10 0 0.02 0 1 

320 42.31 0 −5.64 1 −2.09 0 0.37 0 1 

326 −5.05 1 4.36 0 −3.41 0 0.12 0 1 

339 −13.79 1 1.61 0 −2.01 0 0.06 0 1 

345 −2.34 1 4.48 0 −3.26 0 0.11 0 1 

347 −3.05 1 0.24 0 −0.19 0 0.06 0 1 

201 −9.65 1 6.42 0 −0.54 0 −0.02 1 2 

204 −15.21 1 7.12 0 −2.13 0 −0.06 1 2 

205 −15.40 1 7.12 0 −1.70 0 −0.12 1 2 

206 −16.76 1 2.69 0 2.19 1 0.04 0 2 

208 −24.99 1 4.93 0 1.47 1 0.14 0 2 

210 9.13 0 4.65 0 3.88 1 −0.04 1 2 

212 −8.87 1 0.07 0 0.11 0 −0.09 1 2 

215 −5.34 1 1.22 0 −0.45 0 −0.07 1 2 

220 −4.99 1 −1.43 1 0.23 0 0.07 0 2 

222 −15.32 1 −1.97 1 −3.43 0 0.20 0 2 

226 10.39 0 2.37 0 1.87 1 −0.10 1 2 

227 −2.82 1 −0.43 1 −0.55 0 0.01 0 2 
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Family Heartwood diameter Extractive content Heartwood collapse Acoustic velocity All 

traits  BV (mm) Selection BV (%) Selection BV (%) Selection BV (km/s) Selection 

229 −21.68 1 5.89 0 −7.32 0 −0.25 1 2 

239 7.70 0 −0.62 1 2.62 1 0.04 0 2 

240 7.33 0 −6.57 1 −2.26 0 −0.10 1 2 

243 13.49 0 −0.40 1 −1.10 0 −0.15 1 2 

246 0.27 0 2.05 0 0.05 1 −0.19 1 2 

248 4.00 0 −3.28 1 −2.98 0 −0.13 1 2 

249 15.27 0 −1.68 1 2.08 1 0.04 0 2 

252 1.61 0 0.58 0 0.48 1 −0.08 1 2 

253 7.50 0 −0.61 1 −3.61 0 −0.18 1 2 

254 −3.88 1 −0.92 1 −3.09 0 0.20 0 2 

258 −5.46 1 −0.20 1 −2.66 0 0.06 0 2 

259 16.21 0 −1.58 1 1.50 1 0.18 0 2 

260 −8.34 1 −4.30 1 −0.41 0 0.15 0 2 

268 10.68 0 −1.08 1 −1.83 0 −0.12 1 2 

272 20.26 0 −3.30 1 2.31 1 0.04 0 2 

278 31.98 0 −0.26 1 −1.11 0 −0.18 1 2 

282 38.42 0 −3.66 1 0.69 1 0.03 0 2 

284 30.92 0 −0.63 1 2.02 1 0.01 0 2 

288 2.93 0 0.26 0 1.60 1 −0.09 1 2 

289 4.91 0 0.81 0 0.26 1 −0.11 1 2 

290 27.53 0 3.43 0 4.21 1 −0.01 1 2 

291 19.47 0 −2.32 1 −1.78 0 −0.03 1 2 

296 13.17 0 2.52 0 5.63 1 −0.01 1 2 

298 8.54 0 −3.75 1 2.93 1 0.17 0 2 

301 13.24 0 1.11 0 1.44 1 −0.13 1 2 

306 −14.59 1 3.51 0 2.82 1 0.03 0 2 

312 −12.98 1 3.69 0 3.31 1 0.15 0 2 

313 −26.71 1 6.99 0 0.87 1 0.21 0 2 

316 17.61 0 −5.52 1 −0.65 0 −0.07 1 2 

317 19.66 0 −2.54 1 −3.10 0 −0.19 1 2 

323 21.77 0 −5.00 1 0.71 1 0.02 0 2 

324 −14.18 1 4.76 0 4.20 1 0.15 0 2 

327 1.43 0 8.53 0 1.72 1 −0.12 1 2 

328 1.45 0 3.20 0 1.67 1 −0.12 1 2 

329 0.31 0 4.68 0 2.45 1 −0.05 1 2 

332 −17.09 1 8.24 0 2.42 1 0.24 0 2 

333 −12.84 1 2.05 0 3.43 1 0.14 0 2 

334 −17.94 1 1.57 0 2.12 1 0.08 0 2 

336 −2.47 1 0.02 0 −2.11 0 −0.02 1 2 

340 −16.83 1 −4.98 1 −2.36 0 0.04 0 2 

346 −14.75 1 3.68 0 2.31 1 0.13 0 2 

349 −6.53 1 8.76 0 −7.05 0 −0.05 1 2 

352 −5.47 1 9.51 0 −4.17 0 −0.09 1 2 

353 −15.58 1 4.09 0 −2.04 0 −0.06 1 2 
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Family Heartwood diameter Extractive content Heartwood collapse Acoustic velocity All 

traits  BV (mm) Selection BV (%) Selection BV (%) Selection BV (km/s) Selection 

357 −2.56 1 −5.25 1 −3.50 0 0.14 0 2 

360 4.27 0 −3.37 1 1.69 1 0.10 0 2 

362 −3.64 1 −3.88 1 −0.95 0 0.11 0 2 

364 1.50 0 −4.14 1 −0.11 0 −0.20 1 2 

203 −5.52 1 8.94 0 1.06 1 −0.10 1 3 

207 −9.00 1 −0.04 1 −2.20 0 −0.19 1 3 

211 −18.72 1 8.76 0 4.99 1 −0.15 1 3 

216 −22.09 1 −4.82 1 −3.69 0 −0.06 1 3 

217 −7.85 1 −0.88 1 −4.74 0 −0.07 1 3 

223 −2.71 1 −1.99 1 1.29 1 0.06 0 3 

224 −9.36 1 3.93 0 0.73 1 −0.06 1 3 

231 −14.07 1 −6.12 1 0.87 1 0.02 0 3 

234 −4.71 1 −4.29 1 0.33 1 0.20 0 3 

236 −14.95 1 −4.41 1 2.13 1 0.11 0 3 

237 −2.41 1 −1.73 1 0.82 1 0.00 0 3 

247 −11.66 1 −1.19 1 −1.00 0 −0.05 1 3 

250 −12.12 1 0.21 0 0.46 1 −0.07 1 3 

251 7.91 0 −2.95 1 1.59 1 0.00 1 3 

255 −3.18 1 −1.00 1 0.82 1 0.10 0 3 

256 −7.58 1 −8.31 1 −4.21 0 −0.07 1 3 

263 −6.03 1 −2.61 1 −0.15 0 −0.02 1 3 

271 −10.00 1 −5.89 1 −5.20 0 −0.05 1 3 

275 16.38 0 −7.06 1 1.56 1 −0.05 1 3 

277 −3.74 1 −2.08 1 0.45 1 0.01 0 3 

279 0.33 0 −0.29 1 3.02 1 −0.11 1 3 

283 −0.62 1 −2.05 1 −2.20 0 −0.07 1 3 

292 −1.25 1 −1.12 1 5.12 1 0.02 0 3 

302 23.16 0 −3.70 1 2.38 1 −0.16 1 3 

304 −3.29 1 6.10 0 4.51 1 −0.06 1 3 

305 −16.51 1 8.47 0 3.67 1 −0.07 1 3 

309 −18.34 1 −0.13 1 1.12 1 0.01 0 3 

310 −23.17 1 6.34 0 2.20 1 −0.13 1 3 

311 −30.55 1 7.55 0 1.08 1 −0.10 1 3 

314 33.57 0 −0.81 1 1.51 1 −0.14 1 3 

315 30.55 0 −9.14 1 2.66 1 −0.07 1 3 

330 −16.47 1 10.70 0 5.49 1 −0.13 1 3 

331 −2.19 1 4.90 0 0.85 1 −0.04 1 3 

335 −7.76 1 0.77 0 0.49 1 −0.16 1 3 

338 −10.89 1 2.58 0 0.52 1 −0.11 1 3 

342 −13.97 1 −1.69 1 −0.82 0 −0.16 1 3 

343 −2.31 1 −1.45 1 −1.26 0 −0.07 1 3 

344 −4.53 1 −3.66 1 −0.43 0 −0.12 1 3 

351 −20.70 1 5.51 0 3.70 1 −0.11 1 3 

354 −10.73 1 1.47 0 1.36 1 −0.04 1 3 
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Family Heartwood diameter Extractive content Heartwood collapse Acoustic velocity All 

traits  BV (mm) Selection BV (%) Selection BV (%) Selection BV (km/s) Selection 

355 25.26 0 −2.61 1 1.84 1 −0.16 1 3 

356 5.56 0 −4.60 1 3.60 1 −0.05 1 3 

358 −16.87 1 −5.55 1 −2.50 0 −0.12 1 3 

359 −7.74 1 −6.51 1 −0.13 0 −0.12 1 3 

361 −3.13 1 −5.87 1 3.92 1 0.09 0 3 

225 −1.29 1 −2.24 1 4.85 1 −0.10 1 4 

228 −14.17 1 −4.44 1 1.85 1 −0.06 1 4 

230 −11.39 1 −7.47 1 0.58 1 −0.05 1 4 

232 −7.26 1 −2.34 1 2.02 1 −0.08 1 4 

235 −15.03 1 −0.98 1 0.53 1 −0.25 1 4 

264 −7.08 1 −0.47 1 1.45 1 −0.01 1 4 

Heading: BV for breeding values with their units in brackets for each trait, Heartwood 

diameter, extractive content and acoustic velocity are superior while heartwood collapse is 

inferior. All traits represent sum of superior and inferior for the four traits selected. 

 

The unfavourable genetic correlation (rg = −0.45, CI95 −0.62, −0.28) between the EC and the 

heartwood diameter requires compromises when aiming to improve both wood properties, with 

few families excelling in both desired characteristics (Figure 5.7). The graphical presentation 

of the data (Figure 5.7) allows not only the identification of the above and below average 

families, but also how much they differ from the population mean (i.e. the breeding value). 

Approximately 15% of the 141 E. globoidea families showed above average heartwood and 

EC values (Figure 5.7). Nevertheless, in a situation where heartwood collapse as a third trait is 

required, only four families met the criteria (highlighted in red in the top right quadrant). If the 

wood user is interested in wood for laminated veneer lumber (LVL), stiffness, growth (core 

length) and collapse are important traits that need to be considered (Figure 5.8). A total of 18 

families highlighted in red in the top right corner of the quadrant met these criteria. 

In the tree breeding programme, apart from the traits discussed here, growth, health, growth 

strain and form are also essential.  
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Figure 5.7: Relationship between family breeding values of heartwood diameter and EC for 

141 E. globoidea families at age ~8 years. Families performing above average are located in 

the orange outlined right corner of the quadrant. Families with superior (red) and inferior (blue) 

average performance for heartwood collapse are highlighted.  
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Figure 5.8: Relationship between breeding values of core length and acoustic velocity for 141 

E. globoidea families at age ~8 years with the families superior for tangential collapse 

highlighted in red. 

 

5.4 Conclusion 

The traits of E. globoidea investigated in this study were under varying degrees of genetic 

control and showed different amounts of variability. The EC, an indicator of natural durability, 

and the heartwood diameter, are the two key traits determining the value of the species for the 

intended use as agricultural posts and showed the highest coefficient of phenotypic and genetic 

variation (CPV = 47.87% and 28.90%, CGV = 51.58% and 20.70%, respectively). Combined 

with the narrow sense heritability for heartwood diameter and EC of 0.51 and 1.16, 

respectively, significant genetic gain should be possible for these traits.  

The heartwood was more prone to collapse than the sapwood. The collapse in the heartwood 

was under moderate genetic control, while low heritability was revealed for collapse in the 

sapwood. This study showed that maximal tangential collapse can be included at reasonable 

cost into a breeding programme if core samples are available. Selection of superior genetics 
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among the families for genetic improvement would be practically feasible for products such as 

LVL and solid timber production.  

Finally, the acoustic velocity was under moderate genetic control (0.36, CI95% 0.18, 0.54) with 

low genetic variability within and between the families, implying improvement of this trait 

through breeding will be challenging. The accuracy of stiffness assessments could be improved 

in future by adding density measurements, these, however, incur a significant cost. 
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Chapter 6. General conclusion and future research 

This thesis presented a detailed assessment of wood properties of three different eucalyptus 

populations at a young age for early selection. Growth strain, a major impediment of eucalyptus 

to be used as sawn timber, was investigated. In the past, many methods of assessing growth 

strain have been investigated but most are cumbersome and expensive, and inhibiting extensive 

study. The accuracy of the cheap and faster ‘splitting’ test was used to phenotype eucalyptus 

breeding populations.  

In Chapter 2 and Chapter 3, the genetic parameters of wood properties of open-pollinated 

progenies of 2-year-old E. bosistoana and 2-year-old E. quadrangulata were investigated. The 

result of this study showed a promising genetic control, and large variability at phenotypic and 

genetic level for some of the wood properties assessed. This study suggested early screening 

for low growth strain and improving wood quality of these species through breeding is 

practically possible. Chapter 2 also addressed the accuracy of the growth strain assessments 

and concluded that there is no need for considering a ‘quartering’ test for assessing growth 

strain, since genetic change was small.  

Chapter 4 assessed the properties of E. globoidea seedlings and coppice. It was observed that 

growth strain was higher in coppice than in samples assessed at the top of the trees and other 

eucalypts such as E. quadrangulata, E tricarpa and E. bosistoana at age 2 years. Checking, a 

significant wood property determining wood quality for solid timber product was found to be 

higher in the heartwood than in sapwood. Checking was positively correlated with growth, 

suggesting that bigger trees are more likely to have checking problems. Substantial variability 

was revealed for this trait.  

Sustainably grown naturally durable wood is environmentally friendly compared with 

preservative-treated timber. However, natural durability is variable. Methods for assessing 
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wood durability are time consuming and difficult to incorporate into breeding programmes. 

NIR spectroscopy was used to predict EC as a proxy to wood durability in E. globoidea. 

Chapter 5 examined the genetic variation in wood properties of 141 E. globoidea families at 

mid rotation age in a breeding trial. Collapse was confirmed and was most prominent in the 

heartwood E. globoidea cores. The genetic parameters of EC, growth, stiffness and collapse 

were assessed. Substantial genetic gain can be realised for heartwood diameter, growth, EC 

and collapse. However, improving acoustic velocity for this species might be challenging as 

low genetic variation was observed. 

These results have been used by the industry and superior plants have been propagated. The 

first improved planting stocks will be available in 2021. 
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Appendix 

ANOVA and phenotypic correlation of studied wood properties in 2-, 7- and 8-year-old E. 

globoidea at the Ngaumu and Atkinson site. 

 

Table A 1: ANOVA for studied traits in 7- and 8-year-old E. globoidea at the Ngaumu and 

Atkinson site. 
 

Trait Treatment Df Sum sq Mean sq F value Pr > (F) 

Growth strain Site 1 885,610 885,610 2.9 0.09ns 

 Residuals 224 68,358,344 305,171   

       

Acoustic velocity Site 1 1.21 1.21 22.84 0.00*** 

 Residuals 227 12.05 0.05   

       

Air-dry density Site 1 71,652 71,652 34.52 0.00*** 

 Residuals 227 471,147 2,076   

       

Dynamic MoE Site 1 125 124.97 51.89 0.00*** 

 Residuals 227 546.7 2.41   

       

Volumetric shrinkage Site 1 22 22.22 1.36 0.25ns 

 Residuals 225 3,685 16.38   

ns: not significant at p > 0.05 level; *** significant at p < 0.001 level 
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Table A 2: Analysis of variance for studied traits of E. globoidea coppice and seedlings at the 

Atkinson and Ngaumu site. 

Trait Treatment Df Sum sq Mean sq F value Pr > (F) 

Growth strain Type 1 28,582,503 28,582,502 90.99 0.00*** 

 Residuals 337 105,861,948 314,130   

       

Acoustic velocity Type 1 1.23 1.23 20.55 0.00*** 

 Residuals 341 20.46 0.06   

       

Air-dry density Type 1 193,640 193,640 79.72 0.00*** 

 Residuals 341 828,265 2,429   

       

Dynamic MoE Type 1 4.4 4.4 1.48 0.22ns 

 Residuals 341 1,006.5 2.95   

       

Volumetric shrinkage Type 1 2,714 2,714 145.6 0.00*** 

 Residuals 339 6,318 18.6   

ns: not significant at p > 0.05 level; *** significant at p < 0.001 level
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Table A 3: Phenotypic correlation between the sample height for 7-year-old thinned E. globoidea at Ngaumu trial, 8-year-old thinned of E. 

globoidea at Atkinson trial with the 95% confidence interval in brackets. 

Trait Location 

Air-dry  

density (kg/m3) 

Acoustic  

velocity (km/s) 

Volumetric  

shrinkage (%) 

Dynamic MoE 

(GPa) 

Growth  

strain (µɛ) 

Sample height Ngaumu top 0.04 (−0.20, 0.27) 

p = 0.77ns 

0.07 (−0.17, 0.30) 

p = 0.58ns 

0.08 (−0.16, 0.31) 

p = 0.53ns 

0.07 (−0.17, 0.30) 

p = 0.57ns  

−0.10 (−0.29, 0.18) 

p = 0.63ns 

 

 

Atkinson top −0.16 (−0.34, 0.02) 

p = 0.08ns 

−0.10 (−0.28, 0.10) 

p = 0.30ns 

0.03 (−0.15, 0.21) 

p = 0.73ns 

−0.17 (−0.34, 0.02) 

p = 0.08ns 

0.10 (−0.12, 0.25) 

p = 0.47ns 

ns: not significant at p > 0.05 
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