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Abstract 

This thesis investigated wood properties and timber characteristics of plantation 

Eucalyptus nitens (E. nitens H. Deane and Maiden) grown primarily for fibre production 

to develop a segregation methodology and inform grading strategies for diversifying and 

improving the utilisation of this resource. 

Eucalyptus species are planted worldwide in monocultures, occupying 26% of the total 

planted area across the globe. Trees of this genus are grown under short rotation regimes 

with limited silvicultural interventions. Although mostly grown to produce fibre for the 

pulp and paper industry, timber from these fast-growing trees can be used for 

construction products, either as solid timber or in composite mass-laminated structures. 

The capacity to efficiently utilise fast-growing Eucalyptus wood for products other than 

pulp depends on the ability to locate and extract logs of the desired quality from the 

plantations, and to deliver them to the optimal processing stream. However, to achieve 

this, appropriate sorting, grading and processing of the raw wood resource and timber 

products is needed. The objective of this thesis was therefore to examine quality traits of 

fast-growing E. nitens wood at different scales, or production points, from the plantation 

setting to trees, logs, and timber products, to develop a segregation methodology and 

inform grading strategies which would improve and diversify the utilisation of the 

resource. 

The experimental studies conducted for this thesis were designed with a holistic view of 

the forest and wood products production chain. Hence, the investigation of wood quality 

traits of fast-growing E. nitens took place at the tree, log and sawn timber scale, and 

consideration was given to the relationships and impact of those traits on the recovery of 

high-quality products. The first experimental study, Chapter 2, describes a large-scale 

study characterising wood quality of the E. nitens estate planted across Tasmania, 

Australia. The study aimed to identify site and tree factors influencing density and 

stiffness of E. nitens wood to develop predictive models of these two important structural 

properties. The results indicate that density and stiffness vary considerably between and 

within plantations of E. nitens, depending on a sites’ environmental and climatic 

conditions. Significant differences in tree density and stiffness were found between and 

within sites, with density and stiffness variation mostly due to differences between trees 

within a site (respectively of 70% and 60%). Site factors including extremes in 

temperature and precipitation, as well as site elevation, influenced both tree basic density 

and average basic density on the site, while stiffness at the tree and site level was 

negatively influenced by the site index, which describes site productivity. Tree factors 

associated with growth influenced these wood properties, with tree diameter positively 

influencing tree basic density and tree height, slenderness and basic density positively 

influencing tree stiffness. When employed in prediction models, these variables predicted 

density and stiffness of both individual trees and sites of a previously unseen dataset. 

Basic density was better predicted at the site level rather than at the tree level, explaining 
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as much as 73% of site basic density variability, while stiffness was better predicted at 

the tree level, where it explained 59% of the total stiffness variability of the trees. These 

results can be used to inform the planning of tree plantings in suitable areas, and in the 

preparation of harvesting plans for required product types. Sites can be screened for their 

average density and chosen for sawlog production and within sites individual tree 

stiffness can be predicted and used as a way to segregate trees of higher stiffness.  

Selection of trees and segregation of logs for structural products require knowledge on 

wood stiffness, which can be obtained through the use of fast and reliable non-destructive 

testing techniques, such as acoustic wave velocity (AWV) screening. The second 

experimental study of this thesis, Chapter 3, examines the relationship among tree and 

log characteristics and sawn board structural grades to develop a segregation 

methodology for plantation E. nitens trees and logs. Results of this study show that 

modelling sawn timber stiffness with tree and log variables yielded modest coefficients 

of determination and hence do not support the determination of AWV segregation 

thresholds in a straightforward manner. Classification techniques, part of machine 

learning models, facilitated the identification of classification variables and could identify 

AWV thresholds on trees and logs for timber segregation. The use of such thresholds in 

the development of a segregation methodology allowed the allocation of trees or logs to 

categories suited for different product classes or types. In this study, different 

segregation scenarios were compared, utilising thresholds of AWV and log position for 

trees and logs and considering segregation only on trees, logs, or on both. It was found 

that incorporating the use of AWV thresholds to batch logs into different classes yields 

the best outcome in maximising production of high-quality board grades and logs for 

pulp. Operational constraints as well as the structure of the supply chain will likely 

determine which segregation methodology is best suited to a particular situation, which 

can also be directed a-priori by the requests of the forest products market.  

Although stiffness in logs and timber products is a highly sought-after quality, other log 

and timber characteristics determine the processing, recovery and quality of the final 

timber products. The third experimental study of this thesis, Chapter 4, aimed to 

investigate characteristics and quality traits of plantation E. nitens logs and explored how 

these traits impacted the recovery of sawn timber. Significant differences in log traits 

including volume, taper, log-end splits, density and stiffness were found among logs of 

different positions in the stem, although only log volume, taper, log splits and log stiffness 

impacted sawn timber recovery rates and characteristics. Log position influenced the 

number of knots in the sawn timber, as well as its density and stiffness; a larger number 

of knots was found in boards processed from upper logs, which were also denser and 

stiffer. Other end-use-related characteristics, such as dimensional distortions and sawn 

timber splits, were not significantly different among log positions. These results show 

that, when considering log traits for the development of grading standards, only those 

predominantly impacting sawn timber volume and value recovery should be used to 

batch logs in quality classes. Among them, log stiffness should be used as an indicator of 
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timber quality and employed into grading standards to classify and batch logs destined 

for structural products.  

The rapid estimation of timber properties, and in particular stiffness, through the use of 

AWV screening can aid the identification of products of higher quality at the earliest 

stages of processing and be used for grading of the final timber material. The aim of the 

fourth experimental chapter of this thesis, Chapter 5, was to investigate the suitability of 

AWV screening to improve the segregation and grading of structural boards sourced from 

plantation E. nitens logs. Sawn board stiffness was influenced by log position in the stem 

and by processing stage, though no interaction was found between the two. Moreover, 

the stiffness tested after sawmilling was significantly correlated with that of the final 

dried and dressed timber (R2 of 60%), showing that early segregation based on log 

position and board stiffness tested through AWV screening after milling can aid in 

obtaining sawn timber of the required quality. This chapter also explored the ability of 

the traditional Visual-Stress Grading (VSG) and the novel AWV screening in facilitating 

the grading of sawn timber. It was found that grading via AWV leads to a much lower 

error in board grading (43.3%) in respect to VSG grading (82.5%), supporting the 

possibility to employ this technique to place structural boards of plantation E. nitens into 

stiffness classes,  and rapidly screen the quality of the sawn material.  

Sawn timber products used for mass-laminated structures are required to have 

properties that satisfy end-user requirements. Fast-growing plantation timber may have 

low density and structural properties, especially if not segregated and screen for quality 

earlier in the production process. This would hinder the use of this resource for structural 

products requiring satisfactory density, stiffness and strength. The fifth experimental 

chapter of this thesis, Chapter 6, examined the potential to improve important wood 

properties through the application of Thermo-Hydro Mechanical (THM) treatments and 

compared the effects of such treatments in E. nitens and other two timbers. Results 

indicated that THM treatments can be used on plantation E. nitens timber, significantly 

increasing its basic density (improvement of 53% in density post-treatment). The 

treatment also led to an increase in other structural properties such as stiffness, strength 

and hardness. Another plantation species, the softwood P. radiata, did not perform as 

well as E. nitens, especially in terms of recovery of the original size and swelling after 

treatment, while THM-treated native Tasmanian Oak timber had similar increases in 

density, stiffness and hardness, indicating that wood modification treatments may be 

best used on hardwoods.  

The findings of this thesis show that the variability of important wood quality traits in E. 

nitens plantation trees can be used for the segregation of the resource at different scales 

and across specific processing stages. At the landscape scale environmental and climatic 

factors such as site elevation, rainfall, and extremes in temperature affect density and 

stiffness of trees. Tree level factors as size (diameter and height) as well as slenderness 

of the stems, influence the internal wood properties of standing trees, while also 

contributing to the recovery of logs and sawn timber, as well as internal and external 
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properties of logs, and quality of sawn boards. Log characteristics such as log position, 

stiffness, log splits and dimension, contribute to the recovery in volume and value of sawn 

timber, largely influenced also from the log and sawn board processing. This thesis shows 

that the above mentioned characteristics and wood quality traits should be considered 

holistically in order to examine potential segregation options and utilisation 

opportunities. Non-destructive testing techniques such as AWV screening can be used as 

a means to segregate trees and logs with appropriate sorting thresholds and be further 

used for log and sawn timber structural grading. This thesis presents a segregation 

methodology incorporating AWV screening at different scales (trees, logs and sawn 

timber) which can be utilised to improve the recovery of higher-quality products. 

The factors identified in this thesis which influence wood property variability and impact 

volume and value recovery of E. nitens plantation timber should be taken into careful 

consideration by relevant stakeholders including forest growers, log processors and 

timber users. Opportunities exist to use the current planted E. nitens resource both in a 

sustainable and efficient way to extract the maximum value from the timber products, 

and the results of this thesis support the use of the planted resource for different product 

types. This thesis provides further fundamental knowledge on the properties of E. nitens 

wood, which may contribute to a better utilisation of fast-growing Eucalyptus plantation 

timber, to serve different markets. Recommendations for the industry and for future 

research avenues are provided, further strengthening the opportunities to utilise the 

plantation resources for timber products and responding to the demands of investments 

into the use of renewable resources.  
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Chapter 1 Introduction 

1.1 Introduction 

This thesis is the fruit of over three years of work in the Tasmanian forestry sector where 

the research has been conducted over the whole production chain of plantation timber. 

The research has been developed alongside the major private forestry management 

company in Tasmania, as well as the timber processing industry, in the effort to further 

develop knowledge on the quality of Eucalyptus plantation wood and characteristics of 

trees, logs and sawn timber. The understanding of the drivers of wood quality and the 

variability of important wood quality traits at different processing stages was aimed at 

developing strategies to better segregate, utilise and grade E. nitens plantation timber 

material. The next paragraphs present the background and a review of the literature, 

followed by the aims and the research questions of the thesis, the methodology and the 

general outline of the thesis with reference to the individual single experimental 

chapters.  

1.2 Worldwide plantations and the importance of Eucalyptus trees 

Demand for forest products is in continuous growth. The global production of wood 

products has been steadily increasing over the last decade (FAO 2017) and future 

demand is projected to challenge supply from forest resources. Native forest resources 

availability is decreasing worldwide, and in order to meet the industrial roundwood 

demand globally, forest plantations will be of crucial importance (Barua et al. 2014). 

Plantation forestry can support meeting the demand for forest products and support the 

production of wood for energy and the industry (Ciccarese et al. 2012). In the last three 

decades, areas of plantations have rapidly expanded worldwide (D’Annunzio et al. 2015), 

increasing by over 123 million ha since 1990, and presently occupying 290 million ha of 

land, almost 7 percent of the world’s forest area (FAO 2020). As a consequence, wood 

volumes coming from plantations have been growing considerably (Pirard et al. 2016) 

and more than 46% of the world’s industrial roundwood produced in 2012 was sourced 

from plantations (Payn et al. 2015). In addition, it is expected that the supply of industrial 

roundwood from forest plantations will increase up to 1.5 billion m3 in 2050 (Barua et al. 

2014). 

The genus Eucalyptus comprises nearly 900 species, the majority of which are endemic 

to Australia, and it is recognised as the most planted hardwood globally, thanks to its 

adaptability to different sites and its outstanding growth performances (Myburg et al. 

2014). Currently, Eucalyptus species cover 26% of the total planted area across the globe 

(Binkley et al. 2017), and are commercially important in over 100 nations, with the 

largest plantations present in Brazil, India, South Africa, Portugal and China (Turnbull 

1999). Species of this genus are planted over 884,00 ha in Australia (ABARES 2019a) and 

the majority (82%) are managed primarily for the production of pulplogs for the pulp 

and paper industry (Downham & Gavran 2020). Major plantation species are the 
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Tasmanian blue gum (E. globulus Labill.), covering 50% of the total estate, and shining 

gum (E. nitens H. Deane & Maiden), accounting for 26%. Most of the E. nitens plantations 

are in the state of Tasmania, where they occupy almost 208’200 ha (ABARES 2019a), 

corresponding to 89% of the total amount of Tasmanian hardwood plantations (234,000 

ha). These plantations have been established mostly for the production of fibre for the 

pulp and paper industry (hence are commonly referred to as fibre-grown plantations 

generating mostly pulpwood) and rely on short rotations and the absence of silvicultural 

treatments such as pruning or thinning. In this thesis they are referred to as fast-growing 

plantations, as their current and future uses have expanded beyond the original and 

almost exclusive use for fibre production. 

1.2.1 The species: Eucalyptus nitens 

Eucalyptus nitens (Deane & Maiden) is part of the genus Eucalyptus in the Myrtaceae 

family. It is a tall forest tree indigenous to the south-eastern regions of Australia, naturally 

occurring from regions of northern New South Wales to the mountain forests of south-

eastern Victoria (Murphy 1996). The natural altitudinal range for trees of this species is 

recorded as between 800 - 1300 m (Miller et al. 1992). This eucalypt species is typically 

found in wet areas and rainforest margins and is well adapted to cold climates with a 

good amount of annual rainfall. It is frost resistant and can sustain temperatures as low 

as -12 °C, and can easily withstand up to 150 frosts per year  (Tibbits 1986, Volker et al. 

1994, Murphy 1996). Conversely, the species is susceptible to drought (Battaglia 2006) 

and suffers from hot and dry winds. Mean values of rainfall for its natural range are 

between 750 - 1750 mm with an even annual distribution (Boland et al. 2006). The 

species is mostly found growing on moderately fertile moist loams, over a clay subsoil 

(Turnbull & Pryor 1984). Eucalyptus nitens is highly resistant to Mycosphearella leaf 

disease (Smith et al. 2006), making it more favourable than E. globulus in sites prone to 

this disease (Hamilton et al. 2013). 

Eucalyptus nitens is usually planted in areas where the growth of E. globulus is limited by 

environmental factors. Being a fast-growing species it can reach heights of up to 70 m 

under optimal conditions, with annual height increments of juvenile trees reaching 2 m 

on good sites (Turnbull & Pryor 1984). Volume production from E. nitens plantations is 

high, with annual increments in the order of 35-40 m3/ha, and in some areas of Chile can 

reach up to 50 m3/ha (Rodríguez et al. 2009). Studies report standing volumes of 300-

350 m3/ha attainable in 10 years (Murphy 1996), and such a growth rate clearly explains 

the short rotations under which it is usually managed (8-15 years) when planted for 

pulpwood production purposes. The main environmental factors influencing the 

productivity of the species are water availability, in terms of annual precipitation and 

available soil water-holding capacity, and low amounts of soil nitrogen (Rodríguez et al. 

2009). Along with E. globulus, E. nitens has high nutrient requirements, relying mostly on 

nitrogen, phosphorus, potassium, boron, zinc and copper elements (Weston 2001). 

Eucalyptus nitens presents fibre qualities and kraft pulp yields which are favourable for 

the production of paper (Kibblewhite et al. 1998, Kube 2005). Nonetheless, the wood 
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from this species has attractive characteristics also for other products. The pale and pink 

grain of E. nitens wood and its workability make this timber very attractive for 

appearance products for joinery, flooring, furniture and framing (Bootle 2010, 

Kotlarewski et al. 2019). However, when sourced from unpruned plantations, the timber 

can present features such as large knots and decay (Wardlaw & Neilsen 1999) which 

hinder its utilisation for appearance applications requiring a limited number of defects. 

The production of defect-free logs requires long rotation times and pruning treatments 

(Baker & Volker 2006), increasing the management costs of the plantations as well as the 

return time of investments (Wood et al. 2009). A possible option to use fast-growing E. 

nitens is as sawn timber for structural products, as eucalypt timber performs in similar 

ranges to the applications of softwood (Yang & Waugh 1996). The wood presents 

acceptable strength and stiffness for structural boards (Derikvand, Jiao, et al. 2019, 

Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 2019), making the use of this species for 

structural products a viable opportunity, however, there are some limitations, mostly due 

to the growing habits of the trees in plantations and to the fast-growth rate.  

1.2.2 Challenges and opportunities for fast-growing plantations  

The fast growth rate of eucalypt plantations results in the production of slender and tall 

trees, harvested when their medium annual increment peaks, around 15 years of age. As 

a consequence, the appearance, wood quality, and properties of Eucalyptus timber from 

this resource differ noticeably from both mature and regrowth native forest trees, which 

are grown for longer periods under different circumstances (Harding et al. 2012). For 

several years there have been uncertainties associated with producing high-value solid-

wood products from Eucalyptus plantations (Beadle et al. 2008) because of the features 

and characteristics of these fast-growing species. Eucalyptus nitens, for instance, tends to 

retain dead branches on the stem, causing the presence of a large number of knots in the 

wood. This results in down-grading of the timber products (McKenzie et al. 2003, 

Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 2018, McGavin et al. 2015) and limits the 

suitability of the timber for the production of appearance-grade sawn timber (Nolan et 

al. 2005). Other characteristics, including the presence of growth stresses, drying related 

issues (such as checking, collapse and shrinkage) and dimensional instability (manifested 

as bow, spring, cupping, and twisting of the boards) are limiting factors for the adoption 

and use of fast-growing E. nitens timber.  

This resource has the potential to be used for structural timber, finger-jointed products, 

and knotty appearance products or veneer for plywood laminates and reconstituted solid 

wood products (Blackburn et al. 2011). Moreover, the advent of Engineer Wood Products 

(EWPs), such as mass laminated timber, has brought new opportunities for the use of 

fast-growing plantation timber. Often referred to as structurally optimised building 

materials, these products are wood composites manufactured from laminated timbers, 

adhesives and other materials, whose benefits include increased dimensional stability, 

more homogeneous mechanical properties, improved strength and stiffness of sections 

and greater durability (Ramage et al. 2017, Woodard et al. 2016). The possibility to 
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combine different products and incorporate several pieces in one application allows for 

the construction of tall and span structures (Bowyer et al. 2016), in which the constraints 

may only be the handling and transportation of the members, instead of the size and the 

characteristics of the available logs. The demand for EWPs is expected to increase in the 

long term (UNECE-FAO 2011) and there has been a massive increase in their markets, 

mainly due to wood construction solutions that are innovative and cost-effective 

(Manninen 2014). This is, for example, the case of tall wood buildings (Green 2012, Zhang 

et al. 2018). Engineer Wood Products have considerable potential to replace cement and 

steel-based products in the building industry worldwide, and their use could support the 

reduction in emissions of greenhouse gas (Winchester & Reilly 2020). 

Sawn timber from softwood species is the main substrate for EWPs, and there is an 

increased interest in using hardwood species (Espinoza & Buehlmann 2018, Luedtke et 

al. 2015) especially of the genus Eucalyptus (Dugmore et al. 2019, Derikvand et al. 2017). 

EWPs present strong dimensional consistency, as defects and strength-reducing features 

naturally occurring in solid sawn timber are dispersed along the whole structure or the 

panels (Thelandersoon & Larsen 2003). The characteristics of fast-growing plantation 

timber, which render its use as a solid wood product challenging, could be easily handled 

and accommodated into mass timber structures, resulting in the generation of value-

added products suited for a new processing sector (Derikvand et al. 2017). The quality 

and performance of EWPs depend on the characteristics of the components, which form 

the panel layers (Brandner et al. 2016, Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 

2019). Dimensions, structural properties, presence of features are fundamental 

characteristics of structural boards composing EWPs panels (Harte 2017), as well as 

dimensional stability of the boards, which will affect the structural properties and the 

lamination of the final EWPs (Schmidt et al. 2019). Detailed knowledge of the 

characteristics of the sawn-timber boards is necessary for the fabrication of EWPs. 

Likewise, understanding the factors impacting sawn timber volume and value recovery 

is paramount to ensure the viability of an industry based on fast-growing Eucalyptus 

timber. Wood quality traits influencing the use and performance of the products should 

be evaluated along the stages of the timber production chain, to ensure understanding of 

the impacts of trees, logs, timber characteristics, and timber processing, on the quality of 

the final material.  

1.3 Defining wood quality 

According to Hillis (2000), wood quality is the combination of characteristics of the log 

and properties of its wood that affect the recovery of useful products and their value and 

serviceability in an intended application. Thus, the concept of wood quality is highly 

dependent on the intrinsic properties of wood as well as on its use. Timber products have 

requirements that critically depend on wood properties (Murphy & Cown 2015), which 

influence aspects of production and use of the products. Research into wood quality for 

structural timber is focused on properties that are relevant for a safe and effective use of 

timber elements in buildings. Hence properties of trees, logs and sawn boards that 
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determine the processing of sawn timber, the application type and performance, the 

strength, stiffness, and density of the wood, are extremely relevant.  

1.3.1 Tree, logs and timber physical characteristics 

Assessments on standing trees consist mostly of volumetric measures (height and 

diameter) devoted to capturing information on the quantity of timber available, while 

other characteristics are recorded for tree quality, such as stem form and tree 

architecture, taper, stem-straightness and branching (MacDonald et al. 2009). It is not 

clear how external characteristics of E. nitens stems influence the quality of the final 

products, and a better understanding of the impact of tree characteristics on logs and 

sawn timber quality would be beneficial for the efficient use of the resource. Moreover, 

wood quality assessment can be performed on standing trees via non-destructive 

techniques, to depict the wood quality of planted stands. Wood quality information could 

be integrated into inventory surveys, and research is needed to determine how wood 

quality measurements performed on standing trees relate to the properties of logs and 

sawn timber.  

Tree characteristics will be reflected in the harvested logs, which quality traits in turn 

will highly impact the volume and value recovery of sawn timber. Very tapered stems will 

cause the logs to have larger sections on the bottom end, with decreasing circumference 

towards the top end. Logs originating from the bottom of the stems will tend to be more 

variable in their volume and present more taper, a consistent finding in E. nitens logs 

(Pinkard & Beadle 1998, Lauseberg et al. 1995). The straightness of the tree is reflected 

in the quality of logs as they show sweep, defined as a curvature of the stem (Cown et al. 

1984) which is likely to decrease the quality of the timber extracted (Monserud et al. 

2004) (Figure 1.1).  

 

Figure 1.1 Log characteristics impacting quality. The log on the left presents a very large sweep; 

the right log presents taper and butt swelling. Photos’ credits: Michelle Balasso 
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Stem form and tree growth are also reflected in the cylindricity of the logs (Larson 1963), 

which in turn has variable effects on the products depending on the use for the timber: 

for logs destined for veneering a large amount of wood can be lost during the rounding 

process, while for sawn timber the sawing pattern needs to be adapted to each piece. 

Branches, that might be retained on the stems during tree growth, would appear in 

harvested logs as green or dead knots, which cause deviation and distortion of the fibre 

of the wood (Lemieux et al. 2001). The development of splits and cracks at the log ends 

is controlled by the growing conditions of the trees as well as by the harvesting, transport 

and storing of the logs, during which growth stresses cumulated in the wood are released 

(Archer 2013). The presence of a high amount of growth stresses in Eucalyptus wood has 

been the focus of several studies, linking timber recovery and defects such as sawn 

boards and veneers splitting and checking to the presence of log end-splits (Vega et al. 

2016, Yang & Pongracic 2004, Peng et al. 2014).  

Log internal properties vary both radially (from pith to bark) and longitudinally (from 

the base to the top of the stems), and this variation greatly influences the quality of the 

timber recovered (Xu & Walker 2004, Xu et al. 2004, Lachenbruch et al. 2011). Stiffness 

and density of the logs are important internal wood quality traits, which impact the 

structural properties of the timber recovered, however, these characteristics are rarely 

taken into account for log grading and pricing (Green et al. 2004, Oja et al. 2001). Other 

log characteristics are used as a proxy for internal wood quality and are related both to 

the external log geometry and the properties of its wood (Lundgren 2000, Cown et al. 

1996). Traits such as log shape, sweep, taper, defects, are used in log grading systems to 

sort harvested material for milling. In Australia, state government-based grading rules 

are available for hardwood sawlogs, however, they relate mostly to native or re-growth 

material, and different wood processors have developed in-house grading rules. For 

plantation hardwood grown mostly to produce fibre, and especially for the vastly planted 

Eucalyptus resource, an overarching grading system for sawlogs is still missing, as the use 

of these resources at an industrial scale to produce structural products is relatively recent 

(James 2001). In order to identify which log characteristics are important for a Eucalyptus 

plantation log grading system, it is fundamental to quantify the impact of certain features 

on product recovery. Sawlog traits impacting the recovery of sawn timber need to be 

identified, described and quantified, and those traits relevant to sawmilling recovery 

should be used to develop a suitable grading system able to sort logs in batches of 

different quality, ultimately impacting the pricing of the logs on the market (Edlund 

2004).  

Tree and log characteristics carry through to the sawn or peeled timber material and play 

an important role in the structural properties of the timber boards or veneers. Factors 

such as sawing methods, drying protocols, reconditioning treatments, storing and later 

manufacturing of panels, will affect the properties, end-use and performance of final 

sawn timber products. The presence of knots is considered highly impactful on the 

structural properties of sawn boards, in particular for stiffness, as the concentrated 

presence of knots in some areas causes timber weakening and ultimately failure, both for 
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the nature of the feature and for the deviation of the fibres around the knots (Viguier et 

al. 2017). The main defect in unpruned Eucalyptus plantation timber is the frequency of 

knots, knot size, type and location, factors which are influencing the quality of logs 

(Taskhiri et al. 2018) and are major grade limiting on timber recovered from these 

plantations (Montagu et al. 2003) (Figure 1.2). The presence and type of knots are used 

as a proxy of stiffness in the standards for structural grading of timber elements, which 

leads to down-grading of featured sawn boards to lower grades.  This derives from the 

assumption that featured boards will have lower structural properties, limiting their use 

as construction materials. Although relevant for native timbers, this assumption might 

not hold for plantation timber, which has been found to have acceptable stiffness even 

though it may present with features such as knots (Derikvand, Kotlarewski, Lee, Jiao, 

Chan, et al. 2018).  

Other features of sawn timber which determine its properties are important for grading 

structural elements. The slope of the grain significantly impacts stiffness and strength of 

E. nitens sawn boards (Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 2018), while the 

presence of reaction wood is associated with growth stresses. Growth stress is very high 

in species of the Eucalyptus genus (Chauhan & Walker 2004), and impacts timber 

products with defects such as brittle heart presence, flitch and boards deflections (Figure 

1.2), board width and thickness variation, and increased numbers of end splits into cants 

and boards (Valencia et al. 2011). Drying decay has a major role in the recovery of timber 

both in terms of volume and value recovery, and manifests as collapse, surface and 

internal checking in the sawn boards that can worsen to end splits (Brennan et al. 1992). 

These defects cause separation of the wood fibres along the grain, forming fissures which 

usually extend through the length of the boards (Figure 1.2). Shrinkage, collapse and 

checking can lead to physical changes in boards, as cupping, bowing, springs, twisting, 

washboarding, and others. These dimensional changes appear as timber distortion where 

deviations are obvious if boards are placed on a flat surface, and they can be controlled 

via appropriate sawing, drying and timber storage practices. It is important to gauge the 

presence of these characteristics in sawn timber elements of E. nitens, to gain an 

understanding of the impacts on the element’s performance. How these characteristics 

are related to log form is also an area in need of research, whereby an early classification 

of log features might lead to a better recovery of sawn timber.   
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Figure 1.2 Common features of plantation grown E. nitens timber . Top images show knots and 

knot-related defects, bottom images show boards with dimensional defects (large spring, left 

image) and with drying defects (checking and splitting, right image). Photos’ credit: Michelle 

Balasso 

1.3.2 Internal characteristics and wood properties 

Internal wood properties affect the quality and ultimately the use of timber, and they will 

control structural properties used by engineers, designers and timber manufactures to 

design and build timber structures. Density is one of the most important properties of 

wood, having impacts both on solid wood and fibre products. It affects other wood 

properties both in softwood and hardwood species, and for several Eucalyptus species, it 

was found to be a good predictor of other properties including stiffness, strength and 

microfibril angle (Evans et al. 2000, Evans & Ilic 2001, Ilic 2001). In E. nitens trees, values 

of basic density range from 376 kg/m3 to 532 kg/m3 (Lauseberg et al. 1995), increasing 
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longitudinally up the stem (Raymond & MacDonald 1998, Shelbourne et al. 2002) and 

radially initially decreasing from the pith to the third ring, then increasing towards the 

bark (Lauseberg et al. 1995).  

Along with density, important wood quality properties such as stiffness, strength and 

hardness are also dependent on the wood structure and its characteristics. Stiffness is 

defined as the ability of the timber to distribute a load and resist deformation or 

deflection and is often the main design criteria for timber structures (Moore 2012). It is 

measured as static modulus of elasticity (MOEs or Es) with mechanical bending tests. 

Common values of MOE for plantation E. nitens wood range from 8.6 to 13.9 GPa (Farrell 

& Mihalcheon 2010, Yang & Evans 2003). In eucalypt species, MOE is mainly related to 

density and microfibril angle, and together these two properties account for 96% of the 

variation in longitudinal MOE (Evans & Ilic 2001). Stiffness tends to increase with age, as 

it has been demonstrated for a large number of Eucalyptus species (Harding et al. 2012). 

The radial pattern of stiffness is known to increase from pith to bark (McKenzie et al. 

2003), while its longitudinal pattern is less known, with an apparent increase of MOE in 

the first part of the stems (Hamilton et al. 2015, McKenzie et al. 2003, Washusen et al. 

2009).  

Strength is commonly recorded as modulus of rupture (MOR), which measures the ability 

of the material to support a load in bending without breaking. MOR has a strict positive 

relationship with MOE for some Eucalyptus species (Yang & Evans 2003), especially for 

E. nitens (McKenzie et al. 2003). As for stiffness, strength increases with age, and eucalypt 

wood from old plantations was found to be stronger than wood tested from younger 

plantations (Harding et al. 2012). Hardness measures the abilities of a wooden species to 

withstand denting and wear and is a highly regarded quality aspect for products such as 

floorings, which is one of the major markets for sawn eucalypt boards (Dickson et al. 

2003). For E. nitens hardness values range from 4.4 to 5.3 kN (Washusen et al. 2009). This 

property is significantly correlated with density (E. grandis, Bal & Bektas 2013), MOE and 

MOR (E. nitens, McKenzie, Shelbourne, et al. 2003).  

1.3.3 Wood quality variability and assessment methods 

The need to augment wood production volumes has affected  the necessity to increase 

the growth rates of plantations and decrease the length of rotations, management 

practices that can directly affect wood quality development (Downes et al. 2006). For 

example, a larger amount of juvenile wood is present in young plantation timber in 

respect to older trees (Moore 2012), and large variations in wood properties exist 

between and within plantations. This variability in wood quality, mostly due to younger 

forest resources, is becoming a concern for major wood processors and the forestry 

industry at large, which are striving to maximise extracted value from forests (Wang, 

Carter, et al. 2007, Moore & Cown 2015).  

The characteristics of fast-growing Eucalyptus timber need careful consideration, to 

prioritise the sourcing of timber of the required quality from planted resources. 
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Important properties such as density, stiffness, strength, and other timber characteristics 

are usually studied at different scales, and much is unknown about their variability across 

different scales or along the production chain (tree, log or sawn board). Studies on a 

limited number of tree species have highlighted that stiffness and density vary due to site, 

trees, logs, or boards differences (Moore et al. 2013, Merlo et al. 2014). This information 

is extremely relevant for forest growers and timber processors wishing to understand 

where and how to source timber of the required quality.  

Variability in wood properties is due to multiple factors controlling the growth of the 

trees. Those factors can be genetic or environmental, and of important consideration is 

also the interaction between the genotypes and the growing environment. There has 

been much research on breeding Eucalyptus to improve properties related to fibre 

production and on the genetic control of important properties such as density, kraft pulp 

yield, stiffness, checking (Beadle et al. 2008, Blackburn et al. 2011, Blackburn et al. 2010, 

Hamilton 2007, Hamilton et al. 2009, Blackburn et al. 2012, Kibblewhite et al. 1998). 

Conversely, the body of knowledge related to the influence of the environment on wood 

quality traits relevant for timber products is relatively scarce. Previous studies have 

investigated how different irrigations regimes influence kraft pulp yield and density of 

Eucalyptus trees (Wimmer et al. 2002, Downes et al. 2006) providing insights on the 

properties of trees grown under drought or on very wet sites. Climatic variables such as 

temperature and rainfall have been identified as influencing the growth and wood quality 

of some Eucalyptus species (Sette Jr et al. 2016, González‐García et al. 2016, Vega et al. 

2021), which are also affected by silvicultural treatments (Medhurst et al. 2012, 

Washusen et al. 2009). Determining which climatic and environmental variables and to 

which extent they impact wood properties of E. nitens planted trees is of considerable 

importance to support the forest growers and the timber processing industry in 

managing and using the planted Eucalyptus resource.   

The determination of wood properties with accuracy and reliability has been the focus of 

researchers and product developers for decades. Measuring wood properties using 

traditional methods on a large scale is cumbersome and time-consuming, hence, in the 

last 20 years research has focussed on developing fast and effective non-destructive 

techniques (NDTs) to measure wood properties (Schimleck et al. 2018). These rapid and 

cost-effective means to detect different quality traits are used for a number of purposes, 

from breeding programs to studies of silvicultural practices effects on timber properties. 

Several technologies are available to measure traits such as density, stiffness, growth 

stress, and the ability to rapidly detect the quality of standing trees and logs has made the 

development of NDT tools very attractive for the industry (Moore et al. 2016, Walsh et al. 

2014, Wang, Carter, et al. 2007). Acoustic tools, in particular, have been found to be a 

practical tool to measure the stiffness of standing trees, felled logs or sawn timber 

(Murphy & Cown 2015, Legg & Bradley 2016) and are rapidly becoming the standard to 

predict wood stiffness from measurements of standing trees (Wang, Ross, et al. 2007). 

Acoustic-based NDTs measure the stiffness of timber through the velocity of stress waves 

introduced into timber specimens, therefore this technology is referred to as acoustic 



Chapter 1 

11 

wave velocity (AWV). This method can measure the dynamic modulus of elasticity 

(MOEd), which is closely related to the static modulus of elasticity (MOEs) (Ilic 2001). To 

obtain MOEd values with AWV, stress waves are introduced into the tree stem, log, or 

timber product, and the method is divided into two typologies: acoustic resonance and 

time of flight (TOF). The acoustic resonance is based on the longitudinal vibration of 

stress waves generated by the impact of a hammer at the end of a log or timber (Legg & 

Bradley 2016). This method requires two cut ends, and it is usually exploited with 

handheld resonance tools and in sawmilling installations (Carter et al. 2006). Conversely, 

the TOF method can be applied also in standing trees, measuring the time of travel of a 

single pulse wave moving between two probes inserted into the stem (Figure 1.3).  

 

Figure 1.3 Differences between Resonance and Time-of-flight (TOF) methods 

Acoustic wave velocity is a cost-effective predictor of MOEd in E. nitens standing trees 

(Blackburn et al. 2014), and usual AWV values range from 2.95 to 4.22 km/s (Valencia 

Bajer 2008, Farrell et al. 2012). Resonance and time-of-flight tools have been used to 

measure the AWV in pulpwood and for thinned E. nitens. Previous investigations found 

moderate correlations between trees, logs and timber stiffness (Farrell et al. 2012, 

Valencia Bajer 2008, Blackburn et al. 2010) and hence it has been suggested that these 

NDT tools can be used for selecting logs prior to processing (Blackburn et al. 2019a, 

Farrell et al. 2012). The effective use of AWV at a large scale to segregate logs into wood 

stiffness classes not only requires reliable correlations between MOE values measured at 

the tree, log and timber product scales (Hii et al. 2017) but requires also the identification 

of thresholds to develop product-specific segregation classes. Few studies have 

investigated how AWV can be used to sort different products from Eucalyptus 

plantations. The identification of clear thresholds of AWV measures, which will 

differentiate low-quality logs from higher quality ones, would enable the segregation, 

sorting and grading of timber at an early stage in the forest or at a landing site, improving 

the ability to extract timber for structural applications (Wang, Carter, et al. 2007). 
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Not only limited to segregation purposes, standing tree acoustic tools can be 

operationally used for indicative stand-level comparisons of stiffness (Murphy & Cown 

2015) to understand the wood quality of plantations at the landscape scale. Site 

conditions affect regional differences in wood properties, and the early identification of 

the wood quality of existing stands can inform the wood industry on the properties of the 

timber prior to processing (Chauhan & Walker 2004). In the last decade, research efforts 

have focused on landscape wood quality assessments for different species (Caballé et al. 

2020, John Moore et al. 2009, Merlo et al. 2014, Moore et al. 2013), however, similar 

studies on E. nitens plantations are scarce. Considering the commercial importance of the 

species, and the widespread presence of planted Eucalyptus species across the globe, 

research on wood quality mapping for E. nitens is paramount, both to understand the 

quality of the current resource and for future plantation management.  

1.4 Segregation of plantation forest resources  

Segregation and sorting of timber resources are two processes that are often used 

interchangeably. In this study, segregation is the process undertaken to locate trees or 

logs of certain characteristics from a stand, stockpile, or landing site, while sorting relates 

to the process of allocating and ranking the segregated logs and timber products into 

batches based on some defined characteristics. While the benefits of segregating and 

sorting forest resources for different product streams have been stated in several studies 

(Edlund et al. 2006, Murphy & Cown 2015, Tsehaye et al. 2000a, Wang et al. 2004), the 

implications and consequences of implementing a segregation system have been left  

largely unexplored. For any benefit to be achieved from segregating raw forest resources, 

clarity is needed on which products segregation should be implemented, from which 

resources, at which point(s) along the supply chain, and on possible implementation 

practices. As well as focusing on those questions, future investigations on segregation 

costs and added value gained through segregation would need to take place to evaluate 

its potential benefits. 

1.4.1 Segregation for structural products 

Segregation is more likely to be implemented when there is an interest in a particular 

quality of a product, for which the log buyer would be willing to pay a premium price 

(Murphy & Cown 2015). In the outlook of the market for plantation timber, both softwood 

and hardwood, a premium might be paid for logs of higher stiffness, which would deliver 

timber with greater structural properties. When considering AWV and other NDTs 

technologies to segregate trees and logs, an assumption is made that the stiffness tested 

on the raw resource (tree or log) has a correlative relationship with the quality of the 

sawn or peeled timber products. This quality is usually defined as the stiffness of the 

structural products, referring more specifically to a particular product grade, for example 

MGP10 for softwood products (equivalent to MOE of 10 GPa) (Farrell et al. 2012). 

Although using a minimum expected grade as a benchmark gives an indication of the 

likely quantity of logs that would meet the stiffness thresholds, this usually assumes loose 

correlations between measurements of AWV on trees and logs and stiffness of the timber 
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products (Matheson et al. 2002), while also not accounting for the large intra-log 

variability in wood properties. The majority of the studies done on NDT testing of 

Eucalyptus trees or log and sawn timber stiffness utilise only a limited sample of sawn 

boards per tree or log (Dickson et al. 2003, Farrell et al. 2012, Blackburn et al. 2010), thus 

not accounting for the differences in stiffness among all milled sawn boards. From a 

purely academic perspective, not accounting for the variability in the data, creates 

uncertainty on the reliability of descriptive models on the correlative relationships 

between tree/logs AWV and sawn boards stiffness, and from a practical perspective, it 

does not take into account that a large number of boards is sawn and that timber 

processors would need an understanding on the overall recovery when applying 

segregation, not partial recovery. Thus, when segregating for structural products, it is 

necessary to develop accurate models which would predict the amount of board grades 

that can be obtained, from which forest growers and processors might decide on the best 

approach to segregate their resources. 

1.4.2 Segregation points at different scales 

The decision on the application scale of segregation depends upon different factors, such 

as the characteristics of the resource itself, the structure of the supply chain, and the value 

and costs of the process. Segregation for structural products requires the identification 

and quantification of the variability in sawn boards stiffness due to the stand, trees, logs 

or boards, and an accurate understanding of the factors influencing that variability. The 

scale at which the investigation into wood quality and segregation occurs is as important 

as the relationships and correlations between wood quality traits measured on trees, 

logs, or solid timber. Research in this area has shown that variability in sawn board 

stiffness might be largely due to site to site differences and tree to tree differences, as 

shown for Pinus Pineaster Ait. in Spain (Merlo et al. 2014), or due to log to log and tree to 

tree differences, as found for Picea sitchensis (Bong.) Carr. (Moore et al. 2013). In E. nitens, 

it is mostly unknown where the greatest variability in stiffness lies, predominantly 

because of the limited research on this species as a source of structural products, and in 

part due to the large focus on only specific logs (as the bottom log in a tree) or on limited 

numbers of board samples per tree/log.  The scale at which segregation occurs is 

important, as it will determine if it is possible and economically viable to segregate 

stands, trees or logs and which uncertainties and constraints might be associated with 

the application of segregation at each scale (Sessions et al. 2005).  

1.4.3 Application of segregation 

Decades of research on the capability of AWV and other NDTs to accurately characterise 

stiffness have shown that these tools can be used to measure the wood quality of trees, 

logs and timber, and can be used as supporting tools for segregating a forest resource. 

Nonetheless, there are major uncertainties related to the development and 

implementation of segregation strategies. One uncertainty lies in the determination of 

appropriate thresholds to segregate and sort stands, trees, logs and boards, i.e. what will 

be deemed as low, acceptable, or high-quality material. The usual method found in 
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research is to arbitrarily choose thresholds of log stiffness (Farrell et al. 2012, Matheson 

et al. 2002, Wang et al. 2013, Dickson et al. 2004) which have to be met to obtain sawn 

timber of satisfactorily average stiffness or grade. Although this approach can show the 

potential of segregation with NDTs in increasing the value recovery of timber, it might 

not be the most appropriate method, as it will arbitrarily exclude potential “good quality” 

logs or include potential “low quality” logs, as well as using statistical models based on 

correlations, which bring considerable uncertainty and difficulty for practical 

applications. Other uncertainties relate to the potential outcomes of segregation, 

specifically referring to the quantity and quality of the recovered timber, to the impacts 

of increasing the number of log sorts, and to possible practical implementations of 

segregation. As argued by Murphy and Cown (2015), an increased number of log sorts 

might have large consequences on the costs associated with the logistics of harvesting, 

hauling, transport, handling and loading of logs. These challenges might hinder the 

application of any segregation on forest resources, and the benefits in the recovery of 

higher-quality material need to be investigated to provide a reasonable balance between 

the number of log sorts (or classes) and the costs related to segregation. A comprehensive 

segregation methodology incorporating different stages would be of great benefit to 

demonstrate how segregation might take place and to highlight the benefit in recovery of 

higher-quality products.  

1.5 Diversification of end-use products of plantation timber  

1.5.1 Grading a new timber with an old method 

The characteristics reviewed in the above sections impact the quality of the timber 

material, its properties, performance, and end-use, which are factors used to grade 

timber. Performance criteria for wood products vary according to their end-use, and for 

structural products, important criteria are stiffness, strength, dimensional stability, 

connector performance, and durability. The strict performance requirements of 

structural products ensure that the timber elements can withstand the stresses of 

building structures and perform according to the structural design. Structural grading 

standards control these requirements, and in Australia, the structural grading for 

hardwoods is regulated by the Australian Standard (AS) 2082 (Timber – Hardwood – 

Visually stress graded for structural purposes, Standards Australia 2007). The process of 

grading with AS 2082 is called visual stress grading as it implies the visual examination 

of the structural boards. The timber grader allocates the timber boards a structural grade 

based on the visual characteristics found on the board surface, and features such as knots 

and end splits will lower the grade of the timber board. With the use of statistical 

correlations that are established for each species, an estimation of the strength and other 

structural properties is then obtained, and an appropriate stress-grade is assigned. The 

correlations between the mechanical properties of the timber and its visual 

characteristics, upon which this system is based, have been developed on native timbers. 

The characteristics of native timbers differ considerably from the characteristics and 
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features of plantation timbers, rendering the usual visual grading standard inappropriate 

for plantation-managed resources (Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 2018).  

The standard related to softwoods uses instead a direct measurement of the properties 

of timber through another process called machine-stress grading. In this method, the 

bending stiffness of the board is directly measured using the grading machine (Standards 

Australia 2006). A similar approach might be suitable to grade plantation Eucalyptus 

timber and the sawn boards. In order to implement an alternative grading system such 

as this, based on direct or indirect measures of mechanical properties, it is necessary to 

evaluate how the method performs with respect to traditional systems and its ability to 

depict the actual properties of the material.   

1.5.2 Potential improvements of plantation timber: Densification treatments  

Using plantation timber for structural purposes might be a feasible option for fast-

growing planted forest resources, and important structural properties such as density, 

stiffness, strength and hardness could be improved through novel timber treatments. 

Wood modification treatments have originated from the desire to improve wood 

characteristics and ameliorate weaknesses related to moisture sensitiveness, low 

dimensional stability, hardness and wear resistance, resistance against bio-deterioration 

and UV irradiation (Sandberg et al. 2017). The modification of wood involves the use of 

chemical, biological and/or physical agents on the material, to enhance desired 

properties during the service life (Hill 2006). Thermo-hydro (TH) and thermo-hydro-

mechanical (THM) treatments originated from the need to develop wood treatments 

without the use of chemicals, thus limiting potential hazards when disposing of the 

modified timber. TH and THM treatments have been largely developed in Europe and 

have become important in the market, recently gaining more attention by the industry 

(Sandberg et al. 2013a, Kutnar & Sandberg 2015). THM treatments involve the use of 

heat, moisture and mechanical force to improve the properties of wood. Improvements 

such as increased density, enhanced durability and dimensional stability, are achieved 

through mostly wood densification, which is also used in wood shaping, bending and 

welding.  

Thermal modification of wood under high temperature increases its dimensional 

stability, decreases its hygroscopicity (the capacity of wood to reabsorb moisture), but 

can also result in decreased strength due to the development of brittleness (Sandberg et 

al. 2017). During THM treatments the wood is also compressed through mechanical force, 

and the result of compression, heat and moisture leads to plasticisation, in which the 

wood becomes semi-plastic, is softened and formed to keep the shape after it is cooled 

(Sandberg et al. 2013b). The process begins with the heating of the wood with high-

temperature steam, to soften the material, leading to wood plasticisation. After 

plasticisation the specimen is compressed in the transverse direction undergoing elastic-

visco-plastic deformation, and it is finally cooled and dried (Sandberg et al. 2017, 

Sandberg et al. 2013b). The compression of the sample leads to increased wood density 

but presents a drawback known as “compression-set recovery” in which the wood 
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returns to its original shape (Laine et al. 2013) when the timber is re-exposed to moisture 

and the stresses generated during compression are relieved. THM treatments fix the 

compression-set recovery by applying saturated steam at high temperatures for a brief 

period after compression, greatly reducing the recovery of the compressive deformation. 

This results in a densified product with improved structural properties, improved 

durability and decay resistance, increased dimensional stability and reduced shape 

recovery. These characteristics are particularly sought after for engineered wood 

products as well as for flooring boards and wall panels.  

TH and THM treatments have been applied on several timber species and there is a 

renewed interest in using these ecologically sustainable treatments to improve the 

properties of fast-growing timbers. The modification of timber from planted species has 

been largely studied in Europe for species including poplar (Bao et al. 2017, Kutnar et al. 

2008, Rautkari et al. 2011), softwoods (Boonstra & Blomberg 2007, Li et al. 2013) and 

some eucalypts (Pertuzzatti et al. 2018, Unsal et al. 2011, Maximilian Wentzel et al. 2019). 

Very limited attention has been given to the possibility to use treatments such as THM to 

improve the properties of fast-growing E. nitens. Characteristics including low density, 

dimensional instability and low durability are rendering E. nitens plantation timber less 

attractive than other species for several types of products, hence there is an opportunity 

to use wood modification treatments to improve those characteristics. Investigations on 

the suitability and improvement that THM treatments can bring on E. nitens planted wood 

are needed, and for future implementation at industrial scale research would also 

account for the balance between processing costs and potential benefits gained from 

added value. 

1.6 Aim of the Thesis and Research Questions 

The use of fast-growing Eucalyptus plantation resources as a source of structural timber 

products requires developing knowledge on which characteristics and wood quality 

traits are important for the end-use applications, how those traits are developed in the 

wood of trees and how they vary at different scales of analysis and processing stages (at 

harvest, processing, and final timber use). The development of segregation approaches 

to sort the resource according to required characteristics and to stream logs to the most 

appropriate processing pathway would allow the diversification and improve the 

utilisation of fast-growing plantation timber. Moreover, there are challenges in grading 

fast-growing plantation timber and questions on how important structural properties 

can be improved for higher-value products.  

This thesis explores the aspects highlighted above and aims to improve the 

understanding of properties and characteristics of fast-growing E. nitens plantation wood 

and sawn timber to develop a segregation methodology and inform grading strategies for 

diversifying and improving the utilisation of this resource. The research questions that 

the thesis aims to answer are:  



Chapter 1 

17 

1. What are the factors influencing wood quality traits in fast-growing E. nitens 

plantation wood and sawn timber? 

2. How can a segregation methodology using non-destructive techniques be 

developed to diversify and improve the utilisation of E. nitens timber? 

3. How can planted E. nitens timber be graded and its structural properties improved 

for higher-value applications? 

1.7 Research Methodology  

The overall scope of the thesis required a holistic vision of the forest products production 

chain. However, one of the challenges identified in the earliest stages of the research was 

that little knowledge was shared from growers to processors to end-users along the 

production chain. Trees, logs, and timber products are often considered separate 

elements, and scientific studies, as well as industry practices, are mostly devoted to 

analysing and treating their characteristics at the single element scale. This leads to 

difficulties in understanding what characteristics in wood from trees to logs impact the 

quality of final timber, and in practice limits the transfer of information between the 

industries at each part of the value chain.  

Therefore, in designing the methodological approach for this thesis, the necessity to link 

the information between forest growers, timber processors and users was apparent, in 

order to achieve a greater understanding of wood properties and characteristics of E. 

nitens planted timber. Hence, the experimental work of this thesis was conducted in 

collaboration with the largest private forestry management company in Tasmania, as 

well as the timber processing industry. A hierarchical approach was used for the 

experimental design of the body of work (Figure 1.4), which allowed the investigation to 

address the questions on wood quality and its variability at different scales and across 

the production stages. Wood properties and timber characteristics were investigated 

from the landscape scale through trees, logs, sawn timber, and modified timber, in 

cooperation and alignment with forest growers (for the selection of planted areas and 

trees), forest processors (for log processing and sawn timber processing), and timber 

engineers, architect and designers for sawn timber quality-related investigations. 

The role of the environment on the quality of trees was investigated at the widest level of 

examination, at the landscape scale (Chapter 2). For this experiment, a large number of 

plantations were sampled across Tasmania to capture the variability in site conditions. 

Subsequently, a large sawing trial was used to collect information on trees, logs, and 

sawn-timber (Chapter 3, Chapter 4 and Chapter 5).  Last, a wood modification experiment 

was conducted to investigate how structural properties of fast-growing E. nitens 

plantation timber could be improved through THM treatments (Chapter 6).  
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Figure 1.4 The methodological approach 
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The sawing study was a critical part of the data collection at different scales, tracking the 

information from trees to logs to sawn boards. The selection of trees was preceded by a 

pre-harvest assessment in the chosen plantation, located in the south of Tasmania. 

During the pre-harvest assessment, several plots were established and tree 

measurements performed, which allowed the selection of the best area to source trees, 

in alignment with the constraints of the harvesting crew to extract selected and marked 

trees. Individual trees were tracked along the processing chain using a traceability 

method, which consisted of colouring each log with a log-end pattern (Figure 1.5). After 

felling, logs from the same tree were individually painted with a combination of colours 

using the log-end pattern, and sawn boards could be traced back to the log and tree 

thanks to different combinations of bottom-end and top-end colours. 

 

Figure 1.5 Processing of the material and traceability 

1.8 Thesis outline with reference to chapters 

This thesis investigated wood quality traits across the timber production and value chain 

and it is divided into seven chapters, including this general introduction. Chapters from 

2 to 6 present separate experimental studies which have been either published or in-

press. Chapter 7 is a general discussion of the thesis, including an argumentation of the 

findings, their implications, and recommendations for the industry.  

Chapter 2. Characterisation of wood quality of Eucalyptus nitens plantations and 

predictive models of density and stiffness with site and tree characteristics  

The wood quality of trees is impacted by environmental variation at different levels: at 

the landscape level (inter-plantations) there are different climatic and environmental 

effects and at the single-plantation level there are influences due to the intra-plantation 

environment and to the competition among trees. This environmental variability is also 

exacerbated by intra-tree variability in wood quality traits. Knowledge on which 
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environmental, climatic, and forest variables are affecting important wood properties 

such as density and stiffness is limited, and no published study has investigated how 

those traits vary at different levels in E. nitens plantations.  This chapter investigated site, 

climatic, environmental, and geomorphological influences on wood quality, and wood 

quality variability at different levels, developing predictive models of density and 

stiffness at the tree and site level.  

This chapter has been published in Forest Ecology and Management (2021) 491, 118992. 

Chapter 3.  Development of a segregation methodology to sort fast-growing 

Eucalyptus nitens plantation trees and logs for higher-quality structural timber 

products 

Tree and log variables impact the quality of sawn boards and therefore their structural 

grade. To ensure that the best timber material is obtained from the harvesting and the 

processing of the forest resource it is necessary to appropriately sort logs prior to their 

allocation to different processing streams. Detailed information on volume and value 

recovery from fast-growing Eucalyptus resources utilised as sawlogs is needed in order 

to ensure the viability of a wood industry based on this resource. Moreover, there is a 

need to understand how NDT measurements performed on trees and logs could be used 

to segregate and sort the resource, to achieve its best utilisation potential. This chapter 

investigated the relationships among tree and log characteristics and sawn board 

structural grades and developed a segregation methodology for fast-growing E. nitens 

timber. Moreover, the segregation methodology was used to simulate different utilisation 

scenarios for the planted E. nitens resource, providing an understanding of the types of 

segregation outcomes that might be achieved with this resource. 

This chapter is in-press with Annals of Forest Sciences.  

Chapter 4. Quality traits of plantation Eucalyptus nitens logs impacting volume 

and value recovery of structural sawn boards 

Log traits largely influence the value and volume recovery of structural sawn boards. 

Stiffness and density are the most important wood properties for structural products; 

however, they are not the only sought-after traits from wood processors and 

manufacturers. Other traits can have large impacts on the processing and recovery of the 

material, both in terms of volume and value. Given the increasing interest in utilising fast-

growing Eucalyptus logs to produce sawn timber for structural products, it is paramount 

to identify which log traits impact the recovery of sawn timber and how those traits can 

be used for the development of a grading standard of hardwood plantation timber. This 

chapter investigated the characteristics of fast-growing E. nitens plantation logs and their 

impact on the volume and value recovery of sawn structural boards, providing an 

understanding of which log characteristics should be considered when aiming to obtain 

higher quality structural boards.  

This chapter is in press with European Journal of Wood and Wood Products. 
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Chapter 5. Development of Non-Destructive-Testing based selection and grading 

strategies for plantation Eucalyptus nitens sawn boards 

Accurate selection and grading of timber resources is a crucial component in the timber 

production chain. Traditional milling practices and timber grading standards might be 

unsuitable for fast-growing E. nitens plantation timber, and the development of new 

techniques to grade the planted resource is central for its future utilisation in timber 

structures. There is a need to understand, prior to milling, which logs might deliver the 

best quality boards, and even after the milling process, which boards can reach the 

highest grades. Visual-stress grading, commonly used for native timber species, is not 

suitable for fast-growing timbers and leads to under-grading of sawn boards which 

stiffness might be high enough for structural timber. This study investigated the 

suitability of NDT to improve the selection and grading of plantation E. nitens sawn 

boards and developed an alternative grading strategy for this resource.  

This chapter has been published in Forests 2021, 12(3), 343. 

Chapter 6. Wood Properties Characterisation of Thermo‐Hydro Mechanical 

Treated Plantation and Native Tasmanian Timber Species 

The usability of timber products depends on the quality of forest resources from which 

they are processed, which might not be satisfactory for certain classes of products, for 

example, as structural material for floorboards. Wood modification treatments have been 

developed to improve the durability, quality and structural properties of timber, and 

their use can increase the density and structural properties of timbers grown in 

plantations. There is a lack of knowledge on how Thermo-Hydro Mechanical (THM) 

treatments can improve the properties of several commercially important species, and 

this chapter investigated the properties of THM-treated fast-growing planted E. nitens 

and P. radiata and treated native Tasmanian timber (Tas Oak).  

This chapter has been published in Forests 2020, 11(11), 1189.
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Chapter 2 Characterisation of Wood Quality of Eucalyptus 

Nitens Plantations and Predictive Models of 

Density and Stiffness with Site and Tree 

Characteristics  

2.1 Introduction 

The environment plays a significant role in the volume and quality of growing trees 

(Barnett & Jeronimidis 2009, Esther de Lima Costa et al. 2020). The use of timber from 

forest resources depends on the quality of the trees and harvested logs and different 

wood properties are deemed important for various forest products. Characteristics such 

as density, pulp yield, chemical composition are of primary focus for the production of 

fibre for the pulp and paper industry (Miranda & Pereira 2002, Wimmer et al. 2008) while 

other mechanical properties including stiffness, strength and dimensional stability are 

important for the production of structural timber (Harte 2009, Forest Products 

Laboratory 2010). Testing of these properties can be time-consuming but it is essential 

for classification into grade categories, including those regulating structural timber 

grades for building and construction (Standards Australia 2010a).  

Understanding variation of wood quality traits in different production coupes across 

variable environments and between trees within sites would improve the utilisation of 

forest resources for growers, forest managers and processors (Zobel & Buijtenen 1989, 

Van Leeuwen et al. 2011). To characterise the variation in wood quality traits across 

different regions and landscapes large scale wood quality studies have been conducted, 

usually involving destructive sampling of the trees and timber specimens (Antony et al. 

2011, Butler et al. 2017, Liu et al. 2007). Non-destructive techniques (NDTs), including 

portable acoustic tools, have been used to characterise the properties of standing trees 

and logs, especially to predict wood stiffness in trees, logs and timber products, recorded 

as dynamic modulus of elasticity (𝐸𝑑) (Murphy & Cown 2015, Schimleck et al. 2019). The 

employment of NDTs in large scale studies has provided a significant amount of 

information on the effects of site and tree variation on wood quality (John Moore et al. 

2009, Caballé et al. 2020, Merlo et al. 2014),  strengthening the knowledge about 

commercially important species widely planted across large areas of the landscape and 

supporting the mapping of wood quality traits to aid more efficient utilisation of the 

timber resource (Lessard et al. 2014, Palmer et al. 2013, Moore et al. 2013). However, the 

majority of these studies have focussed on softwood species, with less attention on 

commercial hardwood species, particularly of the Eucalyptus genus.  

Eucalyptus trees have become commercially important for the production of different 

timber products and the establishment of fast-growing plantations have become 

prevalent since the 1970s (Turnbull 1999), covering 26% of the total planted area across 

the globe (Binkley et al. 2017). Australian eucalypt plantations cover 928,000 ha 

(ABARES 2018), of which 26% is planted with Eucalyptus nitens, known as shining gum 
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(Downham & Gavran 2020). Being a frost-resistant and highly adaptable species, it has 

been largely planted in the state of Tasmania, where it covers approximately 208,000 ha 

and is mainly grown for pulp logs and exported to produce fibre for the pulp and paper 

industry.  

The management of the resource on short-rotations for the production of fibre does not 

entail the use of thinning and pruning treatments typically applied on forests grown for 

the production of structural timber, and while there is growing interest in the use of this 

resource in markets other than fibre for pulp, knowledge of the wood characteristics 

important for different products is needed. To better understand if this resource can be 

used for different, higher value products, an understanding of the environmental and site 

conditions that influence the quality of the wood in the plantations would be highly 

beneficial, enabling the best use of the resource and its allocation to appropriate 

processing streams.  

The E. nitens estate in Tasmania is planted across a wide geographic range, leading to site 

variability in climatic, environmental, and geomorphological factors which may impact 

wood quality traits. Understanding how variability in these conditions affect wood 

density and stiffness would allow the development of strategic decisions on the allocation 

of different coupes to different processing streams and better segregation of trees within 

sites at the time of harvesting. In order to support the best use of the E. nitens resource 

the objectives of this study were to (i) identify the main sources of variability in basic 

density and stiffness of E. nitens trees, (ii) identify climatic, environmental and 

geomorphological factors across the E. nitens estate and tree characteristics at the site 

level that influence basic density and stiffness of the trees and based on this information 

(iii) develop models to predict these two wood properties at the tree and plot level. 

2.2 Materials and methods 

2.2.1 Study sites  

The study was conducted across E. nitens fibre-grown plantations in Tasmania, Australia. 

Sites were selected across the three main regions of the island used as productive areas 

for Eucalyptus plantations, north-west (NW), north-east (NE), and south-east (SE), to 

represent the full range of climatic and environmental conditions. The majority of 

plantations were situated on dolerite-derived soils, which cover around one third of the 

island (Osok & Doyle 2004), whilst granite, sandstone, mudstone and limestone-derived 

soils were also included. The variation in elevation of the sites was between 50 m above 

sea level (a.s.l.) and 850 m a.s.l. To limit the effect of stand age on wood properties of trees 

(Caballé et al. 2020, Palmer et al. 2013) the range in plantation age was kept to a 

minimum. For this study areas planted between the years 1997 and 2005 were selected. 

At time of planting, the planting density of each site was 1100 stems per ha.  

A selection of 65 sites was made to cover the range of climatic conditions and site 

characteristics (Figure 2.1) of the plantations. At each site, a single plot was located near 

the centre of the coupe, minimising disturbances from roads, windrows, and gaps in the 
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plantations. All plots were rectangular in shape with variable size, containing 25-40 

merchantable trees per plot. A power analysis performed on an initial pilot trial of 20 

sites in which we tested 40 trees per site, indicated that 25 trees per site was an 

appropriate representation of the site. This allowed the increase of the number of sites 

sampled.  

 

Figure 2.1 Location of the study sites and map of the elevation (m a.s.l.) 

2.2.2 Qualitative tree measurements  

In total 1800 merchantable trees were measured for diameter at breast height (DBH) 

with a calliper and total height (H) was measured with a Vertex IV hypsometer (Haglöf, 

Sweden). Stem slenderness (S) of each tree was calculated as the ratio between H and 

DBH. For each tree, acoustic wave velocity (AWV) was recorded with the ST300 portable 

tool (FibreGen, New Zealand). The instrument records the time-of-flight of a sound wave 

inside the wood between the lower probe and the upper probe placed at heights of 0.3 

and 1.7 m, respectively. The lower probe is hit eight times to generate a sound wave and 

the time of flight value is recorded. Three values per measurement were taken on 

opposite sides of each stem, with direction perpendicular to the main slope of the plot to 

avoid areas where compression wood was present. On each tree, a wooden core was 

extracted at 1.5 m height on the stem from the same side that one measurement of the 

AWV was made. An increment borer was used (Haglöf, Sweden) to extract cores 7 cm 

long and 5 mm in diameter. Cores were immediately placed in plastic bags, labelled, and 

stored in a cooler for laboratory measurements of density. Green density (𝜌𝑔, g cm-3) was 

measured with the use of core weights at a precision of 0.001 g and volumes calculated 

with the water displacement method (Smith 1954). Basic density (𝜌𝑏, g cm-3) was 
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calculated using the oven-dried weight of the cores after 24 h at 103°C. The dynamic 

modulus of elasticity (𝐸𝑑, GPa) of each tree was calculated as: 

𝐸𝑑 =  𝜌𝑔 × 𝐴𝑊𝑉2 

All measurements were taken in the winter of 2019 to minimise the effect of variation in 

temperature and humidity across seasons. All variables recorded on the trees were 

classified as tree-related variables for use in the analysis.  

2.2.3 Forest structure variables  

At each plot, all non-merchantable trees were measured for DBH to calculate site 

variables detailing the growing conditions of the plot. A series of  forest structure indexes 

were calculated, including basal area per ha (BA/ha, m2 ha-1), number of trees per ha 

(NT/ha, stems ha-1), number of large trees per ha (NLT/ha, large stems ha-1), quadratic 

mean diameter (QMD, cm), dominant height (DH, m), Gini coefficient of basal area (Gini), 

Stand density index (SDI, stems ha-1). Basal area accounts for all the standing mass of 

timber, number of trees per ha is used as a means to gauge the standing tree density in 

the plots, while the number of large trees per ha has been calculated on trees larger than 

25 cm DBH to account for the trees which would compete more with merchantable trees. 

The quadratic mean diameter has been used as an indicator of average mean diameter 

which is more reliable than arithmetic mean diameter (Curtis & Marshall 2000). 

Dominant height has been calculated on the five tallest stems per plot (Australian 

National University 1999). Gini coefficient of basal area has been used to describe the 

forest stand structure (Lexerød & Eid 2006) and was calculated as: 

𝐺𝑖𝑛𝑖 = 2 
∑ 𝑖𝑔𝑖

𝑛
𝑖=1

𝑛𝐺
−

𝑛 + 1

𝑛
 

Where gi is the basal area of tree i, with trees sorted in ascending order, G the total basal 

area and n the number of trees (Bourdier et al. 2016). SDI was used to estimate stand 

density as a complement to the classical number of trees per ha, and was originally 

defined by Reineke (1933). We calculated SDI as: 

𝑆𝐷𝐼 = 𝑛 (
25.4

𝑄𝑀𝐷
)

−1.605

 

Where n and QMD are defined as above. The indexes were calculated per plot and 

included as measures of forest structure at the site level. 

2.2.4 Climatic, environmental, and geomorphological variables 

Climatic data were extracted from the climatic surface data base of Tasmania, generated 

using the BIOCLIM program of the software package ANUClim version 6.1 (ANU Fenner 

School of Environment & Society 2010). The bioclimatic variables were interpolated on a 

grid of 1 km of resolution for data from the period 1976-2005. Two variables related to 

the extremes in temperature and rainfall were used in this study: the maximum 
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temperature of the warmest period (Τ𝑤𝑝) and the precipitation of the wettest period 

(P𝑤𝑝). 

Environmental data were composed of soil variables, site index at age 15 years (𝑆𝐼15, 

which measures the total height of dominant trees at index age 15 years) and number of 

rotations on the site (first planting, second or third rotation of plantation). Soil variables 

were extracted from the Digital Atlas of Australian soils (Bioregional Assessment 

Program 2016) which provides a complete, consistent description and maps Australia’s 

soils (Bureau of Rural Sciences 2009). The variables used in this study were those related 

to the layers of the parental rock material (variable: rock type) and the dominant soil type 

(variable: soil type). Additional soil data were obtained through direct sampling of soils 

on each study site. Soil samples were collected with a soil corer at each plot from the first 

100 mm of soil under the litter; five samples randomly positioned per plot were collected 

and bulked to form one sample per site. The samples were sieved in the laboratory at 2 

mm to remove the grave fraction, roots and litter; the concentration of total carbon (Total 

C) and nitrogen (Total N) were measured on the sieved soil fraction after grinding it to 

powder in a mixer mill (Retsch MM200 GmbH, Haan, Germany). Total C and N were 

analysed using a Perkin Elmer 2400 Series II elemental analyser (Analytical Development 

Co., Adelaide, SA, Australia; precision of standards ±0.2% for both C and N). Colwell 

phosphorus was analysed following Rayment and Lyons (Section 9B, 2011) through a 

Spectrophotometer (SmartChem 200 Discrete analyser Westco, USA). The soil pH was 

determined in water with the use of a glass electrode (Section 4A3, Rayment & Lyons 

2011).  

Site geomorphology was described through the variables of elevation, slope, and aspect 

of the site, extracted from environmental layers provided by the forestry company Forico 

Pty Limited. Site location was considered through the variables of latitude and longitude 

of the site. 

2.2.5 Statistical analysis 

All analyses were performed in R Software with R Studio interface (RStudio Team 2016).  

A random-effects model was used to estimate the between and within-site variation in 𝜌𝑏 

and 𝐸𝑑 as follows:  

𝑦𝑖𝑗 =  𝜇 + 𝑆𝑖 + 𝑒(𝑗𝑖) 

Where 𝑦𝑖𝑗 is 𝐸𝑑  or 𝜌𝑏 of the  𝑗𝑡ℎ tree of the 𝑖𝑡ℎ site, 𝜇 is the overall mean, 𝑆𝑖 is the random 

effect of the 𝑖𝑡ℎ site [~𝑁(0, 𝜎𝑆
2)] and 𝑒(𝑗𝑖) is the random effect associated with individual 

trees. The model was computed through the package “lmerTest” (Luke 2017).  

2.2.5.1 Wood properties modelling – Tree models 

For model fitting purposes, the dataset was divided with a stratified random sampling 

where 52 sites were used to identify which characteristics best explain the variation in 

𝜌𝑏 or 𝐸𝑑 of the trees (training dataset) and to develop the predictive models of the two 
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wood properties. The validation dataset was composed of 13 sites and used to test the 

models developed on the training dataset.  

Linear mixed-effect modelling was used to investigate the relationship between 𝜌𝑏 and 

𝐸𝑑 of the trees (dependent variables) with tree, site, climatic, environmental, and 

geomorphological variables. A series of alternative candidate mixed-effect models were 

developed to test the independent variables alone and in combination on 𝜌𝑏 and 𝐸𝑑 of the 

trees. The independent variables representing the fixed effects were selected from the 

four main groups and site was included as a random effect [~𝑁(0, 𝜎𝑆
2)]. Cross correlation 

analysis (Table 2.1 and Appendix A) was performed between 𝜌𝑏 or 𝐸𝑑 and the 

independent variables and among the independent variables to avoid the presence of 

auto-correlated variables in the same model. The Pearson correlation coefficient 

threshold used was 0.7. Only significant variables were included in the models. 

The tree variables most correlated with 𝜌𝑏 were diameter and height (Table 2.1), which 

were also autocorrelated, hence diameter was used as the only tree variable in the simple 

model for 𝜌𝑏; for 𝐸𝑑 the tree variables used were 𝜌𝑏, height (H) and slenderness (S). The 

models were built in order of type and complexity; the first model considered only tree 

variables (Mod1 - 𝜌𝑏 for density and Mod1 - 𝐸𝑑 for stiffness) to which other variables 

were added to develop site, climatic, environmental, geomorphological, and combined 

models. 

Table 2.1 Pearson correlation coefficient between tree variables . 𝜌𝑏: basic density, 𝐸𝑑 : dynamic 

modulus of elasticity, DBH:  diameter at breast height, H: height, S: slenderness of the trees 

 𝜌𝑏  𝐸𝑑  DBH H S Age 

𝜌𝑏  1 0.33* 0.19* 0.13* -0.09* 0.01 

𝐸𝑑   1 0.20* 0.41* 0.26* 0.01 

DBH   1 0.72* -0.36* 0.17* 

H    1 0.37* 0.24* 

S      0.11* 

Age      1 

Significance level: * P < 0.001 (n = 52 sites, 1524 trees) 

The correlative effect of site growing conditions in terms of forest structure variables on 

𝜌𝑏 and 𝐸𝑑 was examined (Table 2.2), finding that the variables which might be useful in 

predicting 𝜌𝑏 would be NLT/ha, DH, and Gini coefficient. These variables were added 

separately to the tree variable model Mod1 - 𝜌𝑏 to create a new model called Mod1a - 𝜌𝑏. 

Based on the correlation analysis, the variables considered for modelling 𝐸𝑑 were QMD 

and SDI and were included in the model Mod1a - 𝐸𝑑. Variables selected to be used in the 

models were those most correlated with density or stiffness and fell below the correlation 

threshold of 0.7, with the tree variables included in the base tree model Mod1 - 𝜌𝑏 and 

Mod1 - 𝐸𝑑 (Appendix B.1). 
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Table 2.2 Pearson correlation coefficient between tree variables . 𝜌𝑏: basic density, 𝐸𝑑 : dynamic 

modulus of elasticity, BA/ha: Basal area per ha, NT/ha: number of trees per ha, NLT/ha: number 

of large trees per ha, QMD: quadratic mean diameter, DH: dominant height, Gini: Gini coefficient 

of basal area, SDI: Stand density index; 

 𝜌𝑏  𝐸𝑑  BA/ha NT /ha NLT /ha QMD DH Gini SDI 

𝜌𝑏  1 0.33 0.06 -0.10* 0.10* 0.06 0.09* -0.14* 0.04 

𝐸𝑑   1 0.08 0.01 0.17* 0.10* 0.33* 0.08 0.09* 

BA/ha   1 0.09* 0.83* 0.97* 0.69* 0.22* 1.00* 

NT /ha    1 -0.05 -0.13* -0.08 0.02 0.14* 

NLT /ha     1 0.86* 0.76* 0.07 0.83* 

QMD      1 0.73* 0.20* 0.96* 

DH       1 0.16* 0.69* 

Gini        1 0.22* 

SDI         1 

Significance level: * P < 0.001 (n=52 sites, 1524 trees) 

The effect of the climate was captured in the climatic model (Mod2), which included the 

tree variables, the maximum temperature of the warmest period (Τ𝑤𝑝) and the 

precipitation of the wettest period (P𝑤𝑝) (Table 2.3). The effect of environment was 

considered through the site index and the soil type (Mod3), the only variables 

significantly correlated with the two wood properties (Appendix B.1). The effect of the 

site location and geomorphology was captured using elevation and longitude; both 

variables have been employed to account for the distribution of the sites along the 

altitudinal gradient in the different regions of Tasmania (Mod4); other variables did not 

show significant correlations with the two wood properties and, hence, were not further 

considered in the modelling. Longitude and precipitation of the wettest period were 

autocorrelated and we excluded longitude in those models using precipitation among the 

explanatory variables. The correlation table for all variables is presented in Appendix B.1. 

More complex models were developed combining climatic, geomorphological, and 

environmental variables, (Mod5, Mod6, Mod7) and two full models (climate, 

geomorphology, and environment) were developed inserting environmental variables 

separately (site index for Mod8 and soil type for Mod9). A global model was then 

compiled to consider all variables together (Mod10). Models were checked for the 

assumptions of homogeneity of variance and normality of the residuals through analysis 

of residual plots.  
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Table 2.3 List of alternative models developed to model 𝜌𝑏  and 𝐸𝑑  at the tree level according to 

tree, geographic, climatic, and environmental variables. 

Tree- level 

Model 
Description Added variables 

Mod1 - 𝜌𝑏  Tree model DBH 

Mod1 - 𝐸𝑑  Tree model H + S + 𝜌𝑏  

Mod1a - 𝜌𝑏  Tree and site model DBH + NLT /ha + DH + Gini 

Mod1a - 𝐸𝑑  Tree and site model H + S + 𝜌𝑏  + QMD + SDI 

Mod2 Climatic model Tree variables + 𝑃𝑤𝑝 + Τ𝑤𝑝 

Mod3 Environmental model Tree variables + 𝑆𝐼15 + Soil type 

Mod4 Geomorphological model Tree variables + Elevation + Longitude 

Mod5 Climate and geomorphology Tree variables + Elevation + 𝑃𝑤𝑞 + Τ𝑤𝑝 

Mod6 Climate and environment Tree variables + 𝑃𝑤𝑝 + Τ𝑤𝑝+ 𝑆𝐼15+ Soil type 

Mod7 Geomorphology and environment 
Tree variables + Elevation + Longitude + 

𝑆𝐼15 + Soil type 

Mod8 
Climate + Geomorphology + Site 

Index 

Tree variables + Elevation + 𝑃𝑤𝑝  + Τ𝑤𝑝+ 

𝑆𝐼15 

Mod9 Climate + Geomorphology + Soil type 
Tree variables + Elevation + 𝑃𝑤𝑝 + Τ𝑤𝑝+ 

Soil Type 

Mod10 Global model 
Tree variables + Elevation + 𝑃𝑤𝑝 + Τ𝑤𝑝+ 

Soil Type + 𝑆𝐼15 

𝐸𝑑 : Dynamic modulus of Elasticity; 𝜌𝑏: Basic density; DBH: Diameter at breast height; H: tree 

height; S: stem slenderness; Τ𝑤𝑝: Maximum temperature of the warmest period; 𝑃𝑤𝑝: 

Precipitation of the wettest period; 𝑆𝐼15: Site index at 15 years old 

 

2.2.5.2 Wood properties modelling – Site models 

Maintaining the stratification of the dataset into training and validation datasets, we 

developed models at the site level. Correlation analysis between the average values of  𝜌𝑏 

and 𝐸𝑑 at the site level and average tree, site, climatic, environmental, and 

geomorphological variables was developed (Appendix B.2). The variables most 

correlated with 𝜌𝑏 were the two climatic variables  Τ𝑤𝑝 and  P𝑤𝑝, the content of carbon at 

the site level, the elevation of the site and the longitude.  Of less importance were average 

DBH and forest structural variables.  

The variables most correlated with 𝐸𝑑 were average tree slenderness, dominant height 

in the site, latitude, P𝑤𝑝, 𝑆𝐼15, average tree DBH, and phosphorus per site.  
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With those variables, site-level models were developed according to the following 

scheme (Table 2.4), using multiple linear regression. The variables included in the models 

were selected for their correlation with the density or stiffness, avoiding highly auto-

correlated variables (<0.7), and selecting those variables that would likely be available as 

spatial layers from inventory data.  

Table 2.4 List of alternative models developed to model 𝜌𝑏  and 𝐸𝑑  at the plot level according to 

tree, geographic, climatic, and environmental variables. 

Plot-level Model Description Added variables 

𝜌𝑏    

Mod 1 Forest structure DBH  

Mod2 Climatic model 𝑃𝑤𝑝 + Τ𝑤𝑝 

Mod3 Geomorphological model Elevation + Longitude 

Mod4 Geomorphology and environment 
Elevation + Longitude + Carbon 

content 

Mod5 Climate and environment 𝑃𝑤𝑝 + Τ𝑤𝑝+ Carbon content 

Mod6 Global model 
DBH+ 𝑃𝑤𝑝 + Τ𝑤𝑝 + Elevation + 

Longitude 

𝐸𝑑    

Mod 1 Forest structure DH 

Mod2 Climatic model 𝑃𝑤𝑝 

Mod3 Geomorphological model Latitude  

Mod4 Geomorphology and environment Latitude + 𝑆𝐼15 

Mod5 Climate and environment 𝑃𝑤𝑝 + 𝑆𝐼15 

Mod6 Global model DH + 𝑃𝑤𝑝 + 𝑆𝐼15 + Latitude 

𝐸𝑑 : Dynamic modulus of Elasticity; 𝜌𝑏: Basic density; DBH: average diameter at breast height; 

DH: dominant height; Τ𝑤𝑝: Maximum temperature of the warmest period; 𝑃𝑤𝑝: Precipitation 

of the wettest period; 𝑆𝐼15: Site index at 15 years old 

 

2.2.5.3 Model selection and evaluation  

The candidate models were ranked based on their corrected Akaike’s information 

criterion (AICc) as criterion for model comparisons (Mazerolle 2006), defined as: 

𝐴𝐼𝐶𝑐 =  −2 (𝑙𝑜𝑔 − likelihood) +  2𝑘 +  
2𝑘 (𝑘 + 1)

𝑛 − 𝑘 − 1
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Where k is the number of parameters in the model, log-likelihood represents the 

maximum value of the likelihood function for the model (a measure of the model fit), and 

n the sample size. The comparison of the candidate models is carried out through the 

delta AICc (ΔAICc), which represents the relative difference between the best model and 

the other models, according to the form: 

∆𝑖= 𝐴𝐼𝐶𝑐𝑖 − min 𝐴𝐼𝐶𝑐 

Where 𝐴𝐼𝐶𝑐𝑖 is the AICc value for a given i model and min AICc is the AICc value for the 

best model, the one with the smallest AICc value. Following Burnham and Anderson 

(2002), models with ∆𝑖 less than 2 represent good models, while for models with ∆𝑖 

between 2 and 4 there is less support for the model, and those models with ∆𝑖 more than 

10 are considered unlikely to have support. The probability of a model y to be the best 

among the set of Y candidate models is given by the Akaike weights (𝜔𝑖): 

𝜔𝑖 =
𝑒𝑥𝑝(− 

∆𝑖
2

)

∑ 𝑒𝑥𝑝
(− 

∆𝑟
2

)𝑌
𝑦=1

 

Models were ranked according to their 𝜔𝑖 and for each of the first three top models the 

model fit was evaluated through the root mean square error (RMSE) to measure the 

accuracy of the model predictions, and the coefficient of determination (R2) was 

computed as a marginal r-squared (𝑅𝑚
2 ) for the variance explained by the fixed effects 

and the conditional r-squared (𝑅𝑐
2) for the variance explained by both the fixed and 

random effects (Nakagawa & Schielzeth 2013, Nakagawa et al. 2017). The second and 

third model were compared through ANOVA testing with the best top ranked model to 

test for significant differences between the models. The best model is reported and 

significance of the fixed and random levels was tested through the Satterthwaite 

approximation in the package “lmerTest” (Luke 2017).  

The best models for 𝜌𝑏 and 𝐸𝑑 were chosen for predictions of the two wood properties 

on the validation dataset. Model bias was determined by plotting the observed against 

the predicted value (Piñeiro et al. 2008). Model selection was computed with the 

“AICcmodavg” package (Mazerolle 2020) and model fit through the packages “merTools” 

for the RMSE (Knowles et al. 2020) and “MuMIn” for the R2 (Bartoń 2019).  

An estimation of the goodness-of-fit of the models in predicting tree stiffness through 

indirect measurements of density was calculated. The best 𝜌𝑏 model was applied on the 

complete dataset to obtain a prediction of tree density on all sampled trees. This value 

was then used as fixed variable in the best model of  𝐸𝑑. The procedure allowed prediction 

of 𝐸𝑑 of trees through the model of 𝜌𝑏, to investigate its accuracy for wood stiffness 

modelling. The precision and bias of this last model was evaluated through regression of 

observed  𝐸𝑑 values against the predicted (Piñeiro et al. 2008).  

The same procedure for model comparison was applied on the plot-level models, and 

models selected were used on the validation dataset to predict density and stiffness at 
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the site level. Model fit and accuracy were evaluated with the adjusted coefficient of 

determination 𝑅𝑎𝑑𝑗
2  and RMSE. 

2.3 Results 

Sites varied considerably in environmental and climatic variables (Table 2.5), covering a 

wide altitudinal range (434 m a.s.l. to 845 m a.s.l.). Climatic conditions varied across the 

sites, showing variability in rainfall and average annual and seasonal temperatures. 

Across sites there was a three-fold variation in mean annual precipitation, which varied 

from 644 mm on the driest sites in the East part of the island up to 1940 mm in the north-

west. Large differences were found in the precipitation of the wettest period, from 16 mm 

to 63 mm. The annual mean temperature varied from 8 °C in higher-elevation sites to 

12.7 °C, while the maximum temperature of the warmest period of the year ranged from 

18 °C to 24 °C. Site indexes varied largely between sites from the lowest at 3.2 m to the 

higher at 50.2 m. Soil characteristics also varied considerably amongst sites, with the 

largest variation observed for the amount of phosphorus present. Basal area per ha had 

almost a five-fold variation, presenting an average of 40.3 m2 ha-1. The average number 

of stems per ha is in line with the expected survival during the rotation cycle, amounting 

to almost 890 stems ha-1, which is similar to the Stand Density Index of 807 stems ha-1. 

Less than 300 stems ha-1 on average reached a size considered large of 25 cm DBH, and 

in the best sites the maximum number was 665 stems ha-1, only slightly more than half 

the saplings planted at the establishment of the plantations. This is reflected in the 

quadratic mean diameter, which results on average to 23.8 cm. In the best sites the 

maximum height recorded was of almost 40 m, while the average on all sites is less than 

30 m. The Gini coefficient expresses an average of 0.31, showing a rather equal 

distribution in tree sizes. The maximum value recorded was less than 0.5, again 

confirming that the range in sizes among plots was quite equal.  

There was substantial variation in tree characteristics, with almost a four-fold variation 

in tree DBH and H. 𝜌𝑏 of the trees varied considerably between trees and among sites 

with a significant two-fold variation (p < 0.001) from a minimum mean density of 0.36 g 

cm-3 to a maximum of 0.65 g cm-3. 𝐸𝑑 was also found to be highly variable among trees 

and sites, with a significant three-fold variation (p < 0.001) from 9.2 GPa to 24.7 GPa and 

an average of 16.1 GPa.   
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Table 2.5 Mean (SD, standard deviation) and Range (Minimum and maximum values) of sites (n 

= 65) and tree (n = 1880) variables. 

Variable Mean (SD) Range 

Climatic variables   

Mean Annual Precipitation (mm) 1299 (3.17) 644-1940 

Precipitation of the wettest period (mm) 42.1 (12.7) 15.5-63.3 

Mean annual temperature (°C) 10.2 (1.13) 8.09-12.7 

Maximum temperature of the warmest period (°C) 20.4 (1.19) 18.4-23.6 

   

Environmental variables   

Elevation (m) 434 (186) 48-845 

SI15 (m) 19.8 (8.43) 3.2-50.2 

Carbon (%) 6.80 (2.73) 1.56-14.2 

Nitrogen (%) 0.44 (0.29) 0.13-2.49 

Soil P (μg g-1) 40.5 (42.5) 0-235 

pH 4.69 (0.43) 3.45-5.43 

   

Site variables   

BA/ha (m2/ha) 40.3 (13) 19.1-98.4 

NT /ha (stems/ha) 889.7 (65.4) 662.5- 1074.5 

NLT /ha (stems more than 25 cm DBH/ha) 277.6 (155.5) 0-665.3 

QMD (cm) 23.8 (3.78) 16.4-36.9 

DH (m) 27.9 (5.37) 18.0-39.3 

Gini 0.31 (0.06) 0.18-0.44 

SDI (stems/ha) 807 (207) 447.4-1676.4 

   

Tree variables   

Age (years) 17 (2.09) 14-22 

DBH (cm) 24.7 (6.01) 13.8-52 

H (m) 24.3 (5.56) 10.4-40.1 

S (m cm-1) 1 (0.18) 0.46-1.93 

𝜌𝑏  (g cm-3) 0.46 (0.04) 0.36-0.65 

𝐸𝑑  (GPa) 16.1 (2.5) 9.19-24.7 

The results of the random-effects model showed that there were significant differences 

in density and stiffness between sites and between trees (p< 0.001). Almost 30% of the 

overall variation of trees 𝜌𝑏 was attributable to differences between sites, while the 
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largest variation (70%) was attributed to differences between trees within a site. Of the 

overall variation in 𝐸𝑑 almost 40% was attributed to differences between sites, with the 

remaining 60% attributed to differences between trees within a site.  

2.3.1 Model of tree basic density   

The best model of 𝜌𝑏 was Mod2, according to the AICc values (Table 2.6), incorporating 

tree diameter and the two climatic variables: the maximum temperature of the warmest 

period and the precipitation of the wettest period.  This model explained 32% of the 

variability in 𝜌𝑏 of the trees in the training dataset. All variables in the model were 

significant at the 0.05 threshold. Whilst being the most parsimonious model, it was not 

significantly different than the two more complex models (Mod5 and Mod8) which 

included site elevation and site index. All three models presented similar marginal (0.18) 

and conditional R2 values (0.32) as well as RMSE (0.034 g cm-3). 

Table 2.6 The best three models describing variation of 𝜌𝑏  (tree density) and 𝐸𝑑  (tree dynamic 

modulus of elasticity) across the sampled sites. Models were developed on the training dataset 

(n sites = 52, n trees = 1524). 

Model K AICc ΔAICc ωi Pr (> Chisq) 𝑅𝑚
2  𝑅𝑐

2 RMSE 

𝝆𝒃  

Mod2 6 -5841.45 0.00 0.45  0.18 0.32 0.034 

Mod5 7 -5840.35 1.09 0.26 ns 0.18 0.32 0.034 

Mod8 8 -5838.74 2.71 0.12 ns 0.18 0.32 0.034 

𝑬𝒅  

Mod8 10 5990.21 0.00 0.34  0.40 0.63 1.61 

Mod5 9 5992.36 1.15 0.19 (.) 0.41 0.64 1.61 

Mod7 13 5992.94 1.73 0.14 ns 0.42 0.63 1.61 

K: number of parameters including the intercept and the random term; AICc: Akaike’s Information 

Criterion corrected for small sample size; ΔAICc: The AICc in comparison to the most parsimonious 

model; ωi: AICc model weight; 𝑅𝑚
2 : marginal R-squared; 𝑅𝑐

2: conditional R-squared;  

Pr (> Chisq): ANOVA analysis between the best model and the others; ns: non-significant, (.) < 0.1  

The best model (Mod2, Table 2.7) shows an increase in 𝜌𝑏 with tree diameter and with 

the maximum temperature of the site in the warmest period, while presenting a decrease 

with the amount of precipitation in the wettest period. All variables were significant at 

the 0.05 threshold of probability. This model was applied to the validation dataset, 

yielding a marginal R2 of 0.26 and a conditional R2 of 0.31 (Figure 2.2 (a)), indicating that 

the 31% of the variability in basic density of the trees in the validation dataset was 

explained by the model, with an RMSE of 0.031 g cm-3. The model presented normally 

distributed residuals (Figure 2.2 (b)) and no apparent bias with the fitted values was 

detected. 
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Table 2.7 Fixed and random effects of the best model (Mod2) describing tree basic density 

variation in the 52 sites used for the model training (n trees = 1524). 

𝝆𝒃 Fixed Effects 

 Estimate Standard Error t value 

(Intercept) 0.3015 0.0615 4.90 *** 

DBH 0.0014 0.0002 7.93 *** 

Maximum 

temperature of the 

warmest period (Τ𝑤𝑝) 

0.0073 0.0026 
2.76 ** 

 

Precipitation of the 

wettest period (𝑃𝑤𝑝) 
-0.0007 0.0002 -2.74 ** 

 Random Effects 

 Variance Std. Dev.  

Site 0.0002 0.0156  

Residuals 0.0012 0.0343  

Significance levels: *** < 0.001; ** < 0.01; * < 0.05 

 

  

Figure 2.2 a) Observed vs. predicted tree basic density (g cm-3) for the validation dataset, b) 

Residuals (n sites = 13, n trees = 355). 
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2.3.2 Model of tree dynamic modulus of elasticity   

The models of 𝐸𝑑 which presented lowest AICc were those that included both climate and 

environment, with tree variables. The most parsimonious model (Mod8) was inclusive of 

tree variables, climatic effects, elevation, and site index, which overall explained 63 % of 

the variability in tree 𝐸𝑑. This model had the lowest AICc (Table 2.6) and was significantly 

different than a simpler model (Mod5) which did not include the site index, but not 

significantly different than Mod7 where climatic variables were not included. In the best 

model tree 𝐸𝑑 is shown to increase with tree slenderness, height, and wood basic density, 

as well as with the climatic variables and site elevation; conversely there is a negative 

effect of the site index on 𝐸𝑑 (Table 2.8). All variables were significant at the 0.05 

threshold, except for the maximum temperature of the warmest period (P = 0.06) and the 

site index (P = 0.23). 

The best model (Mod8) was applied to the validation dataset and obtained a marginal R2 

of 0.42, and a conditional R2 of 0.59 (Figure 2.3 (a)), explaining 59% of the overall 

variability of 𝐸𝑑 of the trees in the validation dataset, with a RMSE of 1.53 GPa. The 

residuals of this model were normally distributed and did not show apparent bias with 

the fitted values (Figure 2.3 (b)). 

Table 2.8 Fixed and random effects of the best model (Mod8) describing modulus of elasticity 

variation in the 52 sites used for the model training (n trees = 1524). 

𝑬𝒅 Fixed Effects  

 Estimate Standard Error t value  

(Intercept) -12.4294 6.1276 -2.03 * 

S 2.2029 0.3295 6.69 *** 

H 0.2254 0.0165 13.69 *** 

BD 23.3741 1.2372 18.89 *** 

Maximum 

temperature of the 

warmest period (Τ𝑤𝑝) 

0.3819 0.2532 1.51 

Precipitation of the 

wettest period (𝑃𝑤𝑝) 
0.0411 0.0207 1.99 (.)  

Elevation 0.0040 0.0014 2.79 ** 

Site index - 0.0529 0.0294 - 1.80 (.) 

 Random Effects 

 Variance Std. Dev.  

Site 1.650 1.285  

Residuals 2.663 1.632  

Significance levels: *** < 0.001; ** < 0.01; * < 0.05; (.) < 0.1 
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Figure 2.3 a) Observed vs. predicted tree Modulus of Elasticity (GPa) for the validation dataset, 

b) Residuals (n sites = 13, n trees = 355). 

The application of the best model to predict 𝜌𝑏 from the whole dataset yielded a marginal 

R2 value of 0.20, and a conditional R2 value of 0.33, a fit similar to that obtained on the 

validation dataset. The predicted 𝜌𝑏 was used with the best 𝐸𝑑 model (Mod8), which 

yielded a marginal R2 of 0.31 (Figure 2.4 (a)) and explained 55% of the overall variability 

of 𝐸𝑑 of the trees, with a RMSE of 1.77 GPa. The evaluation of observed-predicted values 

showed no apparent bias and the residual distribution of this model complied with 

assumption of normality (Figure 2.4 (b)).  
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Figure 2.4 a) Observed vs. predicted tree Modulus of Elasticity (GPa) for the overall dataset, b) 

Residuals (n sites = 65, n trees = 1880). 

2.3.3 Site level models  

The best site level model describing the variation in  𝜌𝑏 was Mod2 (Table 2.9) including 

the two climatic variables. Although it presented a lower model fit (R2 = 0.42) than the 

second best model, it is ranked first due to the lower number of variables. The second 

best model (Mod6) was used for predictive modelling (Table 2.10), as the variables 

involved would be easily obtainable from spatial layers and inventory data. For 𝐸𝑑 the 

most parsimonious model involved only dominant height, and it was considered too 

restrictive for predictive modelling, consideration was given also to the lower fit in 

respect to Mod6 (R2 = 0.20 versus R2 = 0.24) and higher RMSE. Mod6 (Table 2.10) was 

hence considered the best for the prediction of stiffness on the validation dataset.  
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Table 2.9 The best three models describing variation of 𝜌𝑏  (tree density) and 𝐸𝑑  (tree dynamic 

modulus of elasticity) at the site level across the sampled sites. Models were developed on the 

training dataset (n sites = 52). 

Model K AICc ΔAICc ωi Pr (> Chisq) 𝑅𝑎𝑑𝑗
2  RMSE 

𝝆𝒃  

Mod2 4 -262.78 0.00 0.44  0.42 0.018 

Mod6 7 -262.71 0.07 0.42 (.) 0.47 0.017 

Mod5 5 -260.49 2.29 0.14 ns 0.41 0.018 

𝑬𝒅  

Mod1 3 192.22 0.00 0.59  0.20 1.44 

Mod6 6 193.48 1.26 0.31 ns 0.24 1.36 

Mod3 3 196.52 4.30 0.07 ns 0.13 1.50 

K: number of parameters; AICc: Akaike’s Information Criterion corrected for small sample size; ΔAICc: 

The AICc in comparison to the most parsimonious model; ωi: AICc model weight; 𝑅𝑎𝑑𝑗
2 : Adjusted 

Coefficient of Determination; RMSE: Root Mean Square Error, Pr (> Chisq): ANOVA analysis between 

the best model and the others; ns: non-significant, (.) < 0.1  

At the site level density increases with increasing average diameter, with increasing 

temperatures and decreasing precipitation. Elevation has a positive effect, while 

longitude presents a negative effect on density; meaning that plots located at higher 

altitude and towards the western part of the island tended to be denser, on average 

(Table 2.10). Modulus of elasticity markedly increases with the dominant height of the 

site, and with site latitude; a smaller positive effect is registered due to the precipitation 

and a negative effect is due to the site index. Average stiffness of the sites would increase 

in those with larger dominant heights, at higher latitudes, and with a higher amount of 

precipitation on the wettest period of the year, while stiffness would be lower on average 

on more productive sites.  
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Table 2.10 Best models describing density and modulus of elasticity variation in the 52 sites 

used for the model training 

Model Estimate Standard Error t value 

𝝆𝒃 – Mod 6    

(Intercept) 0.5557 0.8537 0.651 

DBH 0.0019 0.0007 2.633* 

Τ𝑤𝑝 0.0093 0.0035 2.651* 

𝑃𝑤𝑝 -0.0008 0.0004 -2.118* 

Elevation 0.00004 0.00002 1.045 

Longitude -0.0021 0.0059 -0.360 

𝑬𝒅 – Mod6    

(Intercept) 32.984 22.317 1.478 

DH 0.1637 0.0509 3.210** 

𝑃𝑤𝑝 0.0189 0.0201 0.944 

Latitude 0.5049 0.5138 0.983 

Site Index -0.0597 0.0350 -1.706(.) 

Significance levels: *** < 0.001; ** < 0.01; * < 0.05; (.) < 0.1 

The best model (Mod6) for density was applied to the validation dataset and obtained a 

R2 of 0.73 (Figure 2.5 (a)), with a RMSE of 0.010 g cm-3. The residuals of this model were 

normally distributed and did not show apparent bias with the fitted values (Figure 2.5 

(b)). 

  

Figure 2.5 a) Observed vs. predicted tree basic density (g cm-3) for the validation dataset, b) 

Residuals (n sites = 13).  
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The best model (Mod6) for stiffness was applied to the validation dataset and obtained a 

R2 of 0.35 (Figure 2.6 (a)), with a RMSE of 1.10 GPa. The residuals of this model were 

normally distributed and did not show apparent bias with the fitted values (Figure 2.6 

(b)). 

  

Figure 2.6 a) Observed vs. predicted tree stiffness (GPa) for the validation dataset, b) Residuals 

(n sites = 13).  

2.4 Discussion  

This study assessed tree and site influences on basic density 𝜌𝑏, and dynamic modulus of 

elasticity 𝐸𝑑 (stiffness) in E. nitens trees grown in Tasmanian plantations predominantly 

used for fibre production servicing the pulp and paper industry. We found significant 

variation between and within sites in  𝜌𝑏 and 𝐸𝑑 due to both the site and the tree strata 

and identified important tree factors influencing 𝐸𝑑 which have not been previously 

reported for this species. 𝜌𝑏 and 𝐸𝑑 had larger variability between trees than between 

sites, indicating a large effect of tree characteristics on wood quality. This was considered 

a determinant factor in building the models of the two wood properties, in which both 

site and tree characteristics were used. The variability in wood properties due to site will 

provide forest growers with valuable information to develop plans for appropriate site 

selection for plantings and harvesting. However, the large variability among trees holds 

considerable practical implications when evaluating forest resources for harvesting for 

products of desired quality. There will be a need to select individual trees when 

harvesting for specific products at the site level, given the variability in wood properties 

due to the single tree factors.  

The site and tree factors which were best in predicting 𝜌𝑏 were tree size and climatic 

variables. Our models illustrated that 𝜌𝑏 was positively influenced by tree diameter and 

the maximum temperature of the warmest period, and negatively influenced by the 
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precipitation of the wettest period of the year. This indicates that denser timber might be 

found in trees with larger diameters that are sited in warmer areas receiving moderate 

amounts of rainfall. These variables were found to be relevant in other studies on a range 

of taxa (Lessard et al. 2014, Van Leeuwen et al. 2011, Ibanez et al. 2017) including 

Eucalyptus species (Vega Rivero 2016, Sette Jr et al. 2016).  The influence of climatic 

variables on the density of the wood is in part explained by the response of the tree to the 

availability of water in the environment. Water availability directly influences the growth 

rates and density of the trees (Downes et al. 2006) and drought conditions led to higher 

timber density, as previously found in E. nitens  (Wimmer et al. 2002) and E. globulus 

(Drew et al. 2009). The relationship between temperature and basic density has also been 

found in an extensive study on Pinus radiata in New Zealand ((Palmer et al. 2013)). Our 

findings show a significant effect of extremes in temperature and rainfall on the density 

of the wood, while discarding other variables such as elevation or site location. In order 

to effectively use the proposed model for landscape predictions of basic density in E. 

nitens trees, inventory data can be substituted for the direct measurement of the tree 

diameters. Tree height measurements could also be acquired through LiDAR with 

minimal estimation errors (Van Leeuwen et al. 2011, Persson et al. 2002).  

While tree size and climatic variables were also important in modelling  𝐸𝑑, this trait was 

best modelled with a more complex set of variables. Our model of  𝐸𝑑 indicates that stiffer 

trees would be those with higher basic density and are taller and more slender; two 

variables that are related to the density of trees per area and manageable via silvicultural 

thinning. At the site level stiffer trees would be found on sites receiving more rain in the 

wettest season and situated in higher elevation areas. The 𝐸𝑑 of timber also decreases 

with the site index, which is comprehensive of soil structure, fertility, and site conditions, 

showing that more productive sites are likely to generate trees of lower stiffness. 

The larger influence of tree architectural traits on 𝐸𝑑 is in accordance with previous 

research on other tree species (Caballé et al. 2020, Watt & Trincado 2014, Watt & Zoric 

2010, Liu et al. 2007) although to our knowledge it has not been reported in E. nitens. 

This result is the first finding on a relationship between tree form (slenderness) and the 

inner wood properties of the timber for fibre-grown E. nitens. The ability to identify stiffer 

trees from tree measurements and form assessments would improve the ability of forest 

processors to segregate trees for specific products without having to implement large 

scale wood quality testing in the pre-harvest assessments. The positive relationship 

between the slenderness of the stem and its stiffness follows the Euler buckling theory, 

where slender stems would have increased density-specific stiffness to prevent stem 

buckling (Watt, Moore, Façon, Geoffrey Downes, et al. 2006). The inclusion of basic 

density in the model captures the left-over variability of 𝐸𝑑 in the stems, as found 

previously in Merlo et. al (2014) as well as accounting for the large variation in basic 

density between trees.  

The response of  𝐸𝑑 to site factors is due to the complex interaction between the location 

of the site in the altitudinal range, the rainfall received and the annual temperature, as 
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found in previous studies in several species (Lessard et al. 2014, Sattler & Stewart 2016, 

John Moore et al. 2009). The positive effect of elevation and precipitation in the wettest 

period on 𝐸𝑑 is explained by the increasing amount of rainfall in higher-elevation sites in 

Tasmania, which contribute to tree growth and wood development, influencing the 

quality of the wood. The increase in tree 𝐸𝑑 with higher temperatures in the warmest 

season might be driven by the effect of temperature on wood density, which increases at 

higher temperatures and influences the stiffness of the wood. The results of our analysis 

outline that site index (a measure of site productivity) had a considerable effect on the 𝐸𝑑 

of trees, as found in previous studies on P. glauca (Beaulieu et al. 2006) , P. pinaster (Merlo 

et al. 2014), P. radiata (Watt, Moore, Façon, Geoff M. Downes, et al. 2006) and more 

recently in a large study in P. ponderosa in Argentina (Caballé et al. 2020), while to our 

knowledge there have been no studies yet on the effects of site productivity on E. nitens 

stiffness.   

To measure 𝐸𝑑 we employed the non-destructive technique (NDT) of acoustic wave 

velocity. This approach is limited in the estimation of the 𝐸𝑑 of the whole tree, as it is 

recorded on the lower part of the stem. Nevertheless, the measurement of acoustic waves 

on the tree stem is highly correlated with the same measurement on logs (Balasso et al. 

2019) and on the stiffness of final products (Blackburn et al. 2019b). This study has 

shown that a limited number of trees per site (twenty-five to forty in our case) can be 

used to obtain a normal distribution and a representative range of 𝜌𝑏 and 𝐸𝑑 per site. To 

further ease the collection of wood quality data other NDTs can be used, such as the 

application of tree-drilling techniques to obtain the radial profile of tree density (Downes 

et al. 2018).  

This study has shown that the prediction of tree basic density over large areas can be 

used to predict tree stiffness, limiting the need for direct tree sampling for these two 

measures. To illustrate this, we predicted density with the 𝜌𝑏 model developed in this 

study and used the predicted values to model tree 𝐸𝑑; the results show that more than 

half of the variability in trees 𝐸𝑑 could be explained through the predicted density data. 

Although this study has found promising results in the ability to predict density and 

stiffness, a proportion of the variability for both of these traits remained unexplained. 

Other tree variables that influence wood tissue development might have played an 

important role in wood density and stiffness of the trees, such as the genetic origin of the 

trees (Blackburn et al. 2011) and the interaction of the genotype with the environment. 

This information was not available for the sites used in this study, however, significant 

genetic differences on 𝐸𝑑 among different E. nitens races has previously been reported 

(Blackburn et al. 2010).  

If tree selection at harvest would not be possible, a stand (plot) selection can be made 

according to variables readily available as spatial layers or inventory data, and we 

demonstrated that site, climate and environmental factors can contribute to the average 

density and stiffness of trees in single plots. Our model predicts that denser trees can be 

found in stands with large values in average diameter, located in areas receiving lower 
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rainfall and in warmer zones; we also found a small effect of longitude, probably due to 

the location of plantations in Tasmania, which tend to be more represented in the north-

west part of the island. This model of density was able to predict with good accuracy 

(73% of variability explained) the average density of sites in the unseen validation 

dataset. The model of stiffness has shown that this wood property tends to increase 

largely with increasing dominant height, reflecting the model at the tree level where 

height was a determinant factor. Latitude had a large positive effect, with sites of higher 

stiffness being found at higher latitudes. The climate has a smaller positive impact, with 

only a part of the variability explained by the precipitation of the wettest period, while it 

was found that the site index had a negative effect on the stiffness of the trees, again 

confirming the findings of the tree-level model.   

The site-model of density was significantly better in predicting average site density than 

the tree-level model in predicting single-tree density, while the contrary was true for the 

stiffness models. This result holds significant importance when selecting for density or 

stiffness, and we argue that at a larger scale the prediction of density is more reliable than 

single-tree prediction, as for the larger impact of the environment and the climate. 

However, tree stiffness is less dependent on the environment but more on the tree-level 

factors, as demonstrated from the higher correlations with tree height at the tree level 

and of the dominant height at the site level. From a practical perspective, if density is a 

factor of interest, site selection might suffice in achieving the products with the desired 

density, which can be followed by an in-site selection during harvesting favouring larger 

trees. When stiffness is instead a major consideration, for example when harvesting for 

structural products, site selection might not be reliable enough, although it can give a 

broad indication of which areas might be more suitable for harvesting. The fine-scale 

selection would need to happen at the site level prior to or during the harvesting, where 

slender and taller trees of known density would be preferred. 

The prediction of wood properties over large geographic areas is beneficial to several key 

stakeholders utilising forest resources. Although the E. nitens resource has been initially 

planted and grown to produce pulplogs, there is growing interest in developing 

knowledge on the wood quality attributes important for structural products. Wood 

density is of major interest to the pulp and paper industry and its prediction with limited 

field-sampling would allow forest modelling scenarios to be examined which might 

influence planting, growing, and harvesting methodologies. The information on tree 

stiffness variation between trees and across different plantations would aid the 

development of harvesting plans and log markets for specific product types beyond fibre 

for pulp and paper, thus potentially increasing the utilisation of the E. nitens planted 

resource for other timber products.  

 



Chapter 2 

45 

2.5 Conclusion  

This study presents the first wood quality characterisation at the landscape level of wood 

quality traits of E. nitens plantations. We found that density and stiffness can be estimated 

over large geographic areas using data collected in the field or generated through 

predictive models. Our results show that there is large between-tree variability in the 

wood properties. We consider these to be driven by site and tree characteristics, which 

in combination can be used to model the wood properties and predict them with a 

satisfactory level of accuracy both at the tree and site level. We found that tree diameter, 

maximum temperature of the warmest period and precipitation of the wettest period 

contribute to the variability in basic density, and for the first time we modelled tree 

stiffness with a combination of tree factors (slenderness, height, basic density) and at the 

site level using the climatic variables, elevation and the site index. Site level models have 

been developed as a support for a first selection at harvest, finding that a combination of 

site, climate and environmental variables can describe and predict average density and 

stiffness per site. The models developed can be used by forest managers and forest 

growers to estimate the quality of their plantations and to plan the best use of the timber, 

increasing the options to utilise the resource for multiple products and extract greater 

value from the planted E. nitens resource.  
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Chapter 3 Development of a Segregation Methodology to 

Sort Fast-Growing Eucalyptus nitens Plantation 

Trees and Logs for Higher-Quality Structural 

Timber Products 

3.1 Introduction 

To increase the efficiency and value of the wood production supply chain, sorting and 

allocation of forest resources to the appropriate productive streams is needed. Such 

sorting can be performed on the basis of knowledge on tree and logs wood quality traits 

relevant for the timber products (Murphy & Cown 2015). Important wood quality traits 

such as stiffness and density determine timber product grades, which in turn establish 

the value, use and performance of the timber elements. These wood quality traits can be 

assessed on standing trees and logs, and can then be used for prediction of the quality of 

the timber products (Wang, Carter, et al. 2007). Using this information on wood quality 

of trees and logs, segregation strategies for appropriate allocation of forest resources can 

then be developed and adapted for different productive systems.  

Eucalyptus plantations offer a promising opportunity for segregation for different 

products. The increasing interest in utilising plantation logs for timber products has 

moved focus from the dominant production of fibre for the pulp and paper industry to 

other uses of plantation logs. Areas planted with species of this genus cover almost 26% 

of the total planted area across the globe (Binkley et al. 2017), and in Australia 884,000 

ha are planted with these hardwoods (ABARES 2019b). Australian hardwood plantations 

are dominated by the Tasmanian blue gum (Eucalyptus globulus Labill.), covering 50% of 

the total estate, and shining gum (Eucalyptus nitens H. Deane & Maiden), occupying 26%, 

while a smaller percentage is planted with other eucalypt species. The demand for forest 

products to supply the construction market is rapidly increasing, especially for 

engineered wood products to substitute steel and concrete in buildings (Brandt et al. 

2021). Plantation logs could be a source of structural timber to supply the increasing 

need of renewable materials in construction, however, knowledge on the quality of these 

fast-growing resources both in tree, logs and timber products is needed prior the 

production of final timber elements.  

The prediction of quality and properties of timber from trees and logs has been the focus 

of decades of research on non-destructive testing techniques. Several methods have been 

proposed to assess wood properties such as density, stiffness and strength before 

processing of logs into timber products (Butler et al. 2017, Moore et al. 2013, Merlo et al. 

2014). Amongst those, the use of acoustic waves in standing trees and logs have been 

developed and used on several species to characterise wood quality (Ross 2015, Wang 

2013) and even to predict important timber structural properties over large geographic 

areas (Caballé et al. 2020, Balasso et al. 2021b). Acoustic tools measure the velocity of 

acoustic waves in trees and logs (acoustic wave velocity, AWV), from which the dynamic 
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modulus of elasticity (MOEdyn), a measure of stiffness, can be calculated. Although the 

dynamic modulus of elasticity is an indirect measure of stiffness, it is closely related to 

the static modulus of elasticity (MOEstat) (Ilic 2001), which is usually estimated through 

mechanical testing of timber under bending. Such tests are regulated by national 

standards, which are used to determine the final grade of the timber (Standards Australia 

2010a, Standards Australia 2010b). Studies have correlated stiffness measured though 

AWV on trees and logs with that measured mechanically on timber products, and for 

Eucalyptus species moderate correlations have been found. Dickson et al. (2003) have 

investigated stiffness in E. dunni timber, finding a modest correlation between tree AWV 

and timber MOEstat (R2 = 0.16), and a higher correlation with log AWV (R2 = 0.52). For 14 

year old E. nitens, similar log AWV-timber MOEstat correlations have been found (R2 = 0.47, 

Blackburn et al. 2010, and R2 = 0.51, Farrell et al. 2012). However, these studies sampled 

one to two boards per tree (or log, as in Farrell et al. 2012), reducing the 

representativeness of the measurements. Similar correlations were found for numerous 

other species, and the use of non-destructive testing tools to sort raw forest resources 

has been frequently suggested (Carter et al. 2006, Farrell et al. 2012, Tsehaye et al. 

2000b).  

Information on the variation in wood quality traits along the stems of trees can aid the 

sorting of logs for recovery of products with desired quality. Studies on the variation in 

quality traits of E. nitens wood along the stem have shown that density increases 

longitudinally from the bottom to top of the stems (Raymond & MacDonald 1998, 

Shelbourne et al. 2002), while stiffness has been shown to increase in the first part of the 

stems (Washusen et al. 2009, Hamilton et al. 2015). This information, coupled with 

knowledge on the external characteristics and internal properties of logs, such as 

stiffness estimated through AWV, can be used to then develop segregation strategies to 

recover a diversified set of products from raw forest resources. To the best of our 

knowledge no study has been undertaken to develop a segregation strategy on trees or 

logs on specific product types and grades of timber, in particular of E. nitens sawn timber. 

The large majority of studies investigated the average stiffness of final products, outlining 

how logs with high AWV values would yield, on average, stiffer timber products. The 

technique usually employed uses regression modelling with independent tree and log 

variables to predict board stiffness. The prediction of average board stiffness is of limited 

utility for segregation strategies and for structural board production, as the final board 

population will be composed of boards stiffer than the targeted value, and of boards with 

lower stiffness values. Building codes present strict requirements for design values of 

construction materials, and there is little allowance for variability around the targeted 

board grade for specific applications (Forest Products Laboratory 2010). An alternative 

strategy to predicting final board grade is to implement machine learning decision trees, 

which allow for the classification of data with both continuous and categorical variables. 

The results of a regression, being a linear model or a mixed-linear model (with clustered 

structures), is more difficult to interpret and is not conducive to developing strategic 

decisions based on the models developed, as it does not determine any cut-off threshold 
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of the predictors which would lead to a certain value on the predicted variables. In the 

case of MOEstat of sawn boards predicted with AWV data from trees or logs, the decision 

of which AWV threshold to select to obtain boards of higher stiffness are mostly arbitrary 

(Farrell et al. 2012, Matheson et al. 2002). The use of machine learning decision trees can 

support the determination of important variables to classify data and describe the 

association of those with the outcome variable, by developing binary decision trees 

(Fokkema et al. 2020). This approach has been used to identify splitting variables to 

predict data with a multilevel or clustered structure (Fokkema et al. 2018, Giani et al. 

2020), which suits the modelling required for sawing studies, as it can tackle the non-

independence of logs within a tree and boards within a log.  

In this study, we aimed to investigate how the relationships among tree and log 

characteristics and sawn board structural grades can be used to develop a segregation 

methodology for plantation E. nitens timber. We used the results of our analysis to 

evaluate the potential of segregation choices in delivering two classes of wood products 

(pulplogs and sawlogs), developing and comparing different potential scenarios in terms 

of recovery of volume of pulplogs and of different sawn-board structural grades.  

The approach presented in this study builds on the current knowledge on correlative 

relationships between tree and log stiffness and timber stiffness. We first present an 

investigation on the relationships between trees and log variables with timber stiffness, 

using mixed-linear models as the modelling method. We then introduce the use of 

machine learning algorithms to develop decision trees. This modelling choice allowed us 

to identify relevant tree and/or logs classification variables and their thresholds to 

classify sawn-boards into structural grades. These findings were then used to develop 

segregation strategies for E. nitens plantation timber and to evaluate the potential 

recovery under different segregation options through scenario simulation. The specific 

objectives of this study were to: 

(i) Investigate the longitudinal variation in basic density and dynamic modulus 

of elasticity of logs (MOEl,dyn ) along the stems  

(ii) Investigate the correlative relationships between sawn-board stiffness (static 

modulus of elasticity, MOEb,stat) and log and tree traits and investigate the 

percentage of variability in MOEb,stat due to the tree, log or board strata  

(iii) Develop a descriptive mixed-linear model of sawn board structural grades 

based on relevant tree and log traits 

(iv) Utilise machine learning techniques to develop decision trees and identify 

important classification variables to develop a segregation methodology 
based on statistically relevant tree or log variable thresholds 

(v) Develop different scenarios using the segregation strategies developed with 

the decision-trees analysis.  
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3.2 Materials and methods 

3.2.1 Timber material 

The materials utilised for this study were structural boards from E. nitens trees harvested 

and sawn as part of a large sawing trial. The plantation field trial was located in southern 

Tasmania, Australia (at latitude 43°03'S, longitude 146°59'E). The area sits at 350 m 

above sea level and average annual rainfall is 750 mm. For this study fifteen trees of age 

21 years were selected from amongst the dominant and co-dominant classes to cover the 

range of diameters that would deliver acceptable sawlogs. All selections were over 30 cm 

diameter at breast height (DBH, cm), of appropriate straightness, free of excessive sweep, 

forking and decay. Each standing tree was measured for DBH and total height (H, m) and 

slenderness of the stems was calculated as the ratio between tree height and diameter. 

The AWV of each tree was measured using the Director ST300 (Fibre-gen, New Zealand) 

on both sides of the stem, perpendicularly to the slope gradient to avoid compression 

wood areas. The instrument uses two probes located approximately 1.2 m distance apart, 

with the bottom probe placed at 0.5 m from the ground level and the upper probe at 1.7 

m. The bottom probe was hit eight times per reading, three readings per side were taken 

and final values averaged. Two 5 mm diameter and 7 cm long outerwood cores were 

extracted on the two sides tested for the acoustic measurements using an increment 

borer (Haglöf Sweden®). Core samples were immediately labelled, stored in individual 

plastic bags in a cooler and measured the same day for green density (GD, g/cm3) and 

basic density (BD, g/cm3) according to AS/NZS 1080.3:2000 (Standards Australia 2000) 

and volume measurements performed using the water displacement method (Smith 

1954). 

The trees were felled, delimbed and debarked during a commercial pulpwood harvesting 

operation, and bucked in log lengths of 5.5 m. Each tree was felled at 30 cm from the 

stump and cut to a small end diameter of 185 mm. Logs coming from the same tree were 

grouped together in cutting order, and at the top end of each log a disk 2.5 cm thick was 

cut for laboratory density measurements. Disks were immediately wrapped to prevent 

loss of moisture and transported to the cooler until density measurements were 

performed, as described above. GD and BD of logs were calculated as an average of the 

GD or BD measurements of the bottom and top disks of the log. Each log was marked with 

tree number and log position in the stem as bottom log, middle logs (second or third) and 

top logs, to maintain their identity. The last harvested log was always kept as top log, 

while from the middle part of the stems one or two logs were harvested, which were 

grouped in the analysis as middle logs. Logs were transported the following day to the 

sawmill and placed on bearers 50 cm far apart for assessment. Maximum and minimum 

diameters were measured at both log ends (large end diameter LED, small end diameter 

SED, mm), and log lengths (L, m) were measured. Log volume (V, m3) was calculated 

according to: 
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𝑉 = [
𝐿𝐸𝐷 + 𝑆𝐸𝐷

2
×

1

2
]

2

× 𝜋 × 𝐿 

The taper (T, cm/m) of each log was calculated according to : 

𝑇 =
𝐿𝐸𝐷 − 𝑆𝐸𝐷

𝐿
 

The AWV of each log was tested with the acoustic resonance device Director HM200 

(Fibre-gen, New Zealand). The test consists of tapping with a hammer one end of the log 

and reading the AWV value with the provided hand-held tool from the same end. AWV 

and GD measurements were used to calculate the MOEdyn (GPa) of the trees and logs 

according to:   

𝑀𝑂𝐸𝑑𝑦𝑛 = 𝜕 ∗ 𝐴𝑊𝑉2 

Where 𝜕 represents the green density (g/cm3) of the sample and AWV its acoustic wave 

velocity (km/s). MOEdyn of trees (MOEt,dyn, GPa) was calculated using the GD measured on 

the cores and the AWV on the standing trees, while log MOEdyn (MOEl,dyn, GPa) was 

calculated through the GD of the logs.  

3.2.2 Sawing and board treatments 

Forty-nine logs were recovered from the selected trees, each log was individually 

identified with a colouring pattern to allow for tree, log, and board identification (Figure 

3.1).  

 

Figure 3.1 Pattern used to maintain traceability from logs to sawn boards . Each log end was 

coloured with a unique colour combination. 

Logs were processed individually in a commercial sawmill with a back-sawing pattern 

chosen to maximise volume recovery. In total 268 boards were sawn and stacked to be 

air-dried under cover for a period of fourteen months and then reconditioned prior to 

final kiln drying. The kiln drying procedure followed the current drying schedule used for 

eucalypt material in the mill, to a nominal Moisture Content (MC) of 12%. The dried 

boards were square dressed to final widths of 70, 90, 120, 140, 165 mm, thickness of 35 

mm, and average board length of 5.5 m maintaining board identity. Board volume was 
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measured prior to dressing, and the nominal recovery rate, representing the volume of 

sawn boards recovered out of the volume of the logs sawn, was calculated as: 

𝑁𝑟 =
𝑉𝑂

𝑉𝐿
 

Where 𝑁𝑟 represents the nominal recovery rate of the boards (%), 𝑉𝑂 represents the 

volume of the boards before dressing (m3), 𝑉𝐿 is the total volume of the harvested logs 

(m3). The dressed boards static modulus of elasticity (MOEb,stat, GPa) was tested through 

mechanical testing in edge-wise four-point static bending-test, according to the test 

procedures outlined in AS 4063.1 (Standards Australia 2010a), and calculated with: 

𝑀𝑂𝐸𝑏,𝑠𝑡𝑎𝑡 =  
3𝑎𝑙2 − 4𝑎3

4𝑏𝑑3 (
𝜑2 − 𝜑1
𝐹2 − 𝐹1

)
 

Where 𝑏 and 𝑑 are the thickness and the width of the board (mm), respectively; 𝑙 is the 

span length, which corresponds to 18 times the width of the board (mm); 𝑎 is 6 times the 

board width (mm); F2 and F1 are the loads at 40% and 10% of the maximum load, 

recorded at failure point.  𝜑2 and 𝜑1 are the maximum displacement (mm) at F2 and F1 

loads, respectively. 

BD and MC assessment on boards were performed on samples of timber recovered from 

the top and bottom ends of each board. Samples were measured following the procedure 

described in AS 1080.3 and AS 1080.1 (Standards Australia 2000, Standards Australia 

2012) using the following equations: 

𝐵𝐷 =  
𝑚1

𝑉
 ×  

100

(100 +  𝑀𝐶)
 

𝑀𝐶 =  
𝑚1 − 𝑚0

𝑚0
 × 100 

With 𝑚1 being the mass of the sample at the time of the testing (kg), V the volume of the 

sample before oven-drying (m3) and 𝑚0 the mass of the sample after oven-drying (kg). 

The MC and BD of each board was calculated as an average of the samples at the bottom 

and top ends of each board. The MOEb,stat values obtained were adjusted based on the MC 

of each board, according to AS 2878. The adjusted MOEb,stat values were used to classify 

each board into structural grade equivalents, following AS 2082 and AS 1720.1 

(Standards Australia 2010b, Standards Australia 2006) for E. nitens. The minimum 

MOEb,stat value per each structural grade is provide in Table 3.1, with the corresponding 

stress grade (F-grade).  
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Table 3.1. Structural grades assigned to the sawn boards after mechanical testing according to 

AS 4063.1 (Standards Australia 2010a) and the corresponding static modulus of elasticity 

(MOEb,stat) outlined in AS 1720.1, Table H2.1 (Standards Australia 2010b) 

Structural grade a 
Stress grade (F-

grade) a 

Static Board Modulus of Elasticity (MOEb,stat, 

GPa) b 

Structural grade No. 1 F22 16 

Structural grade No. 2 F17 14 

Structural grade No. 3 F14 12 

Structural grade No. 4 F11 10.5 

a AS 2082 (Standards Australia 2006) 

b AS 1720.1, Table H2.1 (Standards Australia 2010b) 

3.2.3 Statistical analyses 

Analyses were performed in R studio statistical software (RStudio Team 2016).  

The mean, standard deviation, and value ranges were calculated for each variable. To 

investigate the longitudinal variation in basic density and modulus of elasticity of logs 

(MOEl,dyn) along the stems we employed one-way analysis of variance (ANOVA) for linear 

mixed models to test the effect of log position, accounted for as a categorical variable to 

identify bottom, middle, and top logs. Tree was used as random factor to account for the 

non-independence of logs within trees and post hoc Tukey tests were conducted to 

compare basic density and MOEl,dyn  between bottom, middle and top logs (Significance 

level 0.001).  

A random effects model was developed to investigate the percentage of variability in 

MOEb,stat due to the tree, log or board strata, according to the model: 

𝑦𝑖𝑗𝑘 =  𝜇 + 𝑇𝑖 + 𝐿𝑗(𝑖) + 𝑒(𝑘𝑗𝑖) 

Where 𝑦𝑖𝑗𝑘 is the adjusted MOEb,stat of a single board, 𝜇 is the overall mean, 𝑇𝑖 is the 

random effect of the 𝑖th tree [~𝑁(0, 𝜎𝑇
2)], 𝐿𝑗(𝑖) is the random effect of the 𝑗th log within 

the 𝑖th tree [~𝑁(0, 𝜎𝐿
2)] and 𝑒(𝑘𝑗𝑖) is the random effect of the 𝑘th board from the 𝑗th log 

[~𝑁(0, 𝜎𝑒
2)].  

Linear-mixed effect models were used to develop descriptive models of board MOEb,stat 

with fixed variables being only tree, only log, and tree and log variables (complete model), 

including random effects for trees [~𝑁(0, 𝜎𝑇
2)] and logs within trees [~𝑁(0, 𝜎𝐿

2)]. The 

package ‘lme4’ (Bates et al. 2015) was used to compute the mixed effects models. The 

independent variables were chosen among those measured on trees (DBH, height, 

slenderness, AWV, density and MOEt,dyn) and on logs (position in the tree, small end 

diameter, log taper, AWV, density and MOEl,dyn). Models were built inserting the 

independent variables in order of their correlation coefficient with the board MOEb,stat, 
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and ensuring that tree or log variables with a Pearson correlation coefficient of more than 

0.7 were not included in the same model. To evaluate the influence of log position in the 

stem on board MOEb,stat we used ANOVA for linear mixed models with tree and log as 

random factors to account for the non-independence of boards within logs and logs 

within trees. Each model was compared with the most simple one using the Likelihood-

Ratio Test (LRT) using the package ‘lmtest’ (Hothorn et al. 2020) and AIC values. The LRT 

procedure controls the insertion of new variables if they significantly improve the 

model’s performance at the threshold of P < 0.05. The models which performed best 

according to the LRT analysis were taken as the best descriptive tree, log, and complete 

models. The normal distribution of the residual of the models was evaluated through 

residual plots. Model bias and precision were evaluated with 10-fold cross validation 

through the package ‘caret’ (Kuhn 2020, Kuhn 2008). K-fold cross-validation (in our case 

k=10) trains the model in a subset of data (k-1) and validates it on the left-over subset, 

hence, evaluating model prediction accuracy. The splitting of the dataset is performed on 

sets of folds represented by the k parameter. At each validation, a prediction error is 

recorded and when all folds are run through the cross-validating procedure, the average 

prediction error is calculated. The metrics reported are the RMSE (Root Mean Squared 

Error), computed as the square root of the mean squared difference between predicted 

and observed response variable values, and the R-squared (R2, coefficient of 

determination), representing the proportion of variance in the response variable 

explained by the model’s predictors.  

The machine learning decision trees were applied to classify board structural grades as  

categorical variables (classification trees) using as predictors the same independent 

variables employed for the linear mixed effect models. We used the package “glmertree” 

(Fokkema & Zeileis 2019) which allows for the presence of random effects in the models 

and grows classification trees with the variables provided. The decision tree classifiers 

were used to model the relationship with tree and log variables and board MOEb,stat, 

accounting for the random effect of trees and logs, as in the mixed-model technique 

reported above. The tree structure is presented graphically and its potential as an aid to 

decision-making processes on tree and log segregation is discussed and presented in 

different segregation scenarios.  

3.2.4 Segregation scenarios  

The decision tree analysis allowed the identification of tree and log AWV thresholds (4.56 

km/s for trees and 3.91 km/s for logs), as well as depicting log position as an important 

variable, which were used to segregate trees and logs in categories of product recovery. 

The AWV thresholds were used to simulate product recovery under six different 

segregation scenarios presented below.  

(I) Scenario A, where no segregation is applied and all the logs are used as 

pulplogs for the production of woodchips for the pulp and paper industry. 

(II) Scenario B, where no segregation is applied and all the logs are used as 

sawlogs for the production of structural sawn boards. 
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(III) Scenario C, where segregation is made only on a volumetric basis, using the 

first log as sawlog and all the other logs as pulplogs.  

(IV) Scenario D, where segregation is applied at the tree level only, utilising the 

AWV threshold of 4.56 km/s. All logs from trees with AWV above the 

threshold were used as sawlogs and all logs from trees with AWV below the 

threshold were used as pulplogs. 

(V) Scenario E, where segregation is applied at the tree level, plus log position is 

taken into account. This scenario follows scenario D with a AWV threshold of 

4.56 km/s and in addition uses log position. All logs from trees above the 

AWV threshold and middle and top logs from trees below the AWV threshold 

were used as sawlogs, and the remaining logs from trees with AWV below 

4.56 km/s and from the bottom of the tree were used as pulplogs. 

(VI) Scenario F, where segregation is applied at the log level. This last scenario 

presents the case in which only logs are segregated according to a AWV 

threshold of 3.91 km/s identified from the classification tree analysis. All logs 

above this AWV threshold were used as sawlogs and all logs below the AWV 

threshold were used as pulplogs.  

Results are presented in m3 of recovered material, being either woodchips and/or 

volume of dried board shared in grades (Structural grade No. 1, 2, 3, 4). The nominal 

recovery rate for each scenario is presented, along with the amount of timber lost due to 

sawing, reported as sawdust. 

3.3 Results 

3.3.1 Trees and logs traits  

The characteristics of the E. nitens sampled trees are summarised in Table 3.2. There was  

moderate variation in tree size and wood properties, with tree basic density varying from 

0.45 g/cm3 to 0.69 g/cm3 and dynamic modulus of elasticity ranging from 15.5 GPa to 

25.5 GPa. In total 18.5 m3 of logs were harvested, with single log volume ranging from 

0.19 m3 to 0.74 m3. Log wood properties also varied considerably, with a lower average 

and range in AWV compared to the values found on standing trees, and lower average of 

log modulus of elasticity (15.9 GPa) and range (11.5 to 19.9 GPa).  
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Table 3.2 Descriptive statistics of E. nitens selected trees (n=15) and logs (n=49) . Mean, 

standard deviation presented in parenthesis (SD) and minimum and maximum values (Min-

Max) 

Variable Mean and standard deviation Min Max 

Trees    

DBH (cm) 39.9 (3.52) 35 46.5 

H (m) 35.4 (3.10) 30.6 40.5 

SL (m/m) 88.9 (6.22) 80.4 102.5 

AWVtree (km/s) 4.15 (0.32) 3.76 4.69 

BDtree (g/cm3) 0.59 (0.05) 0.45 0.69 

MOEt,dyn (GPa) 19.8 (3.04) 15.5 25.5 

Logs    

Log volume (m3) 0.38 (0.12) 0.19 0.74 

Log taper (cm/m) 0.80 (0.31) 0.22 1.78 

AWVlog (km/s) 3.77 (0.22) 3.25 4.20 

BDlog (g/cm3) 0.54 (0.40) 0.45 0.63 

MOEl,dyn (GPa) 15.9 (1.94) 11.5 19.9 

DBH: diameter at breast height, H: height, SL: slenderness, AWVtree: tree acoustic wave velocity, BDtree: 
tree basic density, MOEt,dyn: tree dynamic modulus of elasticity, AWVlog: log acoustic wave velocity, 

BDlog: log basic density, MOEl,dyn: log dynamic modulus of elasticity 

Basic density increased along with stem height, with bottom logs significantly less dense 

(P < 0.001) than other logs further up the stem, and top logs significantly denser than 

bottom and middle logs, reaching 0.56 g/cm3 on average. Modulus of elasticity was shown 

to increase from bottom to middle logs, and then slightly decrease. The highest values 

were found in middle logs, reaching almost 17 GPa on average, significantly different 

from both bottom and top logs (P< 0.001). 

3.3.2 Modelling 

The results of the random-effects model show that of the overall variation in MOEb,stat 

70% was attributable to differences between boards within a log, 2% was attributable to 

differences between logs in the same tree and 28% was attributable to differences 

between trees. The cross correlation analysis showed that the variables most correlated 

with MOEb,stat were those related to the AWV and to dynamic MOE of logs and trees 

(AWVtree, AWVlog, MOEt,dyn, MOEl,dyn). Moreover, we found a significant effect of log position, 

with significant differences in MOEb,stat of boards coming from different positions in the 

stem, hence, the variable of log position was utilised in the models. Other variables did 

not display large or significant correlations with MOEb,stat, and were therefore excluded 

from the modelling.  

The modelling of MOEb,stat was performed through incremental insertion of variables into 

the simplest model, represented only by the acoustic wave velocity of the trees or of the 

logs (model (1)) (Table 3.3). The Likelihood-Ratio Test (LRT) analysis on the tree models 
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shows that the addition of basic density to AWV improves the model performance (lower 

AIC value and higher log-likelihood), while further addition of the tree diameter does not 

improve the model. Model (2) was hence assumed to be the best, being also significantly 

different than model (1). When modelling MOEb,stat with only log variables the LRT 

analysis shows that the incremental addition of log density, log taper, and log position did 

not significantly improve the accuracy of the model (P = 0.67 and P = 0.83). Hence, the 

simplest model (4) was used in the cross-validation procedure. 

In building the complete model, tree and log variables were considered together. The tree 

AWV was used again as the first and only fixed variable in the simplest model (1). With 

this model the position of the log in the tree was added, yielding a model significantly 

different than the previous one (P < 0.001). The further addition of the log AWV improved 

the model (8) (lower log-likelihood and lower AIC and BIC), and was significantly 

different than model (7) (P < 0.05). This last model was then chosen for the cross-

validation procedure. 

Table 3.3 Models comparison of MOEb,stat modelled through tree-only, log-only and tree and log 

related variables (AWV, acoustic wave velocity, BD, basic density, DBH, diameter at breast 

height) 

Model Df AIC BIC logLik Pr (> Chisq) 

Tree-level 

(1) AWVtree 5 1135.3 1153.5 -562.7  

(2) AWVtree + BDtree 6 1133.1 1154.7 -560.6 * 

(3) AWVtree+ BDtree + DBH 7 1135.1 1160.2 -560.5 0.84 

Log-level 

(4) AWVlog 5 1109.5 1127.4 -549.73  

(5) AWVlog + BDlog 6 1111.3 1132.8 -549.64 0.67 

(6) AWVlog + BDlog + Taper 7 1111.3 1138.4 -549.61 0.83 

Tree and log variables      

(1) AWVtree 5 1135.3 1153.5 -562.7  

(7) AWVtree + Position 7 1121.9 1147 -553.9 *** 

(8) AWVtree + Position + AWVlog 8 1114.3 1143 -549.1 ** 

Significance levels: * < 0.05, ** P 0.01, *** P 0.001 

The tree-model (model (2)) of MOEb,stat shows an increase of stiffness in the boards with 

increasing AWV of the trees and increasing basic density of the timber (Table 3.4).  The 

cross-validation procedure of this model showed a RMSE of 2.01 GPa and an R2 of 0.22.  

The log-model (model (4)) considered the best in describing the MOEb,stat shows a large 

positive effect of AWVlog in the boards’ stiffness. The validation of this model yielded a 

RMSE of 1.93 GPa and a R2 of 0.28. When pulled together, the tree and log variables most 

strongly influencing MOEb,stat were the AWV of the trees, with a moderate positive effect, 

the AWV of the logs, with a large and positive effect, and the position of the log in the tree. 
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The cross-validation was applied to this model (9) yielding a RMSE of 1.94 GPa and a R2 

of 0.26 (Table 3.4).  

Table 3.4 Model equations and statistics for the mixed-linear models of MOEb,stat with tree-only, 

log-only and tree and log variables (AWV, acoustic wave velocity, BD, basic density) 

Model Equation and parameters  RMSE R2 

(2) Tree MOEb,stat = -1.41 + 2.31 AWVtree + 9.18 BDtree 2.01 0.22 

(4) Log MOEb,stat = -1.95 + 4.11 AWVlog 1.93 0.28 

(9) Tree-
log 

MOEb,stat = -3.5 + 0.86 AWVtree + 3.57 AWVlog + Log Position 
(Bottom=0, Middle= 0.12, Top=0.018) 

1.94 0.26 

Whilst the log model performed slightly better than the tree model and the tree-and-log 

model, (showing a better fit and less RMSE) the variability explained was still moderate 

(less than 30% in all models). This is due to the large intra-log variability already 

demonstrated by the random-effects model and shown in the graphic below (Figure 3.2), 

in which each dot represents a board and dots stacked on the same vertical line belong 

to the same log. Although there is an increasing trend of average board stiffness (y-axis, 

Boards MOE) with increasing stiffness of the logs (x-axis, Logs AWV), as shown in our log-

model (Model (4)), the variability in stiffness of boards sawn from the same log is 

appreciable. We investigated the standard deviation of MOEb,stat per each log, and the 

range was from as little as 0.23 GPa up to 2.96 GPa in the log presenting the largest 

variation in board MOEb,stat.  

 

Figure 3.2 MOE of boards in relation with the AWV of the logs. The structural grade corresponds 

to the categories reported in Table 3.1, where 1 is the highest structural grade and ‘Under’ 
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refers to boards under-grade, with stiffness lower than acceptable. The black points show the 

average value of MOEb,stat all the boards per each log. 

3.3.3 Classification trees analysis  

The classification tree analysis allowing us to determine important variables on which to 

classify boards into structural grades are reported below.  

The classification trees presented below (Figure 3.3 and Figure 3.4) show the proportion 

of boards obtained in the different grade classes when segregating only with tree 

variables or with both tree and log variables. When the mixed effect classification tree 

was developed with only tree and log position variables, AWVtree and log position were 

found to be the most important variables (Figure 3.3). Trees with AWV of 4.56 km/s or 

above yielded a significant (P < 0.001) proportion of stiffer boards, of which more than 

56% of Grade 1 and none in the under-grade class (e.g. not reaching the minimum 

stiffness of 10.5 GPa). With trees of AWV less than 4.56 km/s the next variable to 

significantly (P < 0.05) categorise boards of higher classes was the position of the log in 

the tree, with middle and top logs yielding a homogeneous share of boards among grade 

classes and the majority (37%) of Grade 3. Bottom logs of trees with AWV less than 4.56 

km/s yielded a considerable proportion of boards of lower grades, among which 21% of 

Grade 4 and 17% of under-grade boards. 

 

Figure 3.3 Classification tree with tree and log position variables . Grades are represented from 

the highest (1) to the lowest (4). ‘Under’ are boards with stiffness lower than the lowest grade 
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according to AS 2082 (Standards Australia 2006) and AS 1720.1, Table H2.1 (Standards 

Australia 2010b). See Table 3.1 for full explanation of board structural grades. 

When both tree and log variables were considered in the classification tree analysis, 

AWVlog was the only important classification variable (Figure 3.4) to classify boards into 

structural grades. Logs with AWVlog over 3.91 km/s yielded a significant (P < 0.001) 

proportion of stiffer boards, of which 46% was of Grade 1, and only 6 % were under 

grade. Logs with values of 3.91 km/s or less in AWVlog yielded a homogeneous proportion 

of boards in each grade, with the largest part (38%) being of grade 3.  

 

Figure 3.4 Classification tree with all variables . See Figure 3.3 for full description of terminology 

The classification trees visually present the immediate results of splitting the population 

of trees or logs according to the variables most correlated with final board stiffness. This 

procedure can be easily translated into a segregation procedure, from which, according 

to the tree or log variables available, or those of interest, a prediction of the resulting 

board grades can be made.  

3.3.4 Segregation scenarios  

Utilising the thresholds identified from the classification tree analysis, we developed a 

range of segregation scenarios (3.2.4). In Table 3.5 the recovery of sawlogs or pulplogs is 

reported for each scenario. Different volumes of sawn boards were recovered from the 

sawlogs, and from each scenario the nominal recovery rate was different, ranging from 

37.4% to 44.6% (data not shown). The differences in recovery rates are due to the volume 

of logs sawn, their characteristics, and the milling process. For each scenario, the 
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recovery of board grades varied, and the highest and more valuable grades (Structural 

grade No. 1 and 2) and lowest grades (Structural grade No. 3 and 4 and under grade 

boards) are tallied together for ease of presentation. Considering scenarios where 

segregation was applied, scenario D presents the largest amount of pulplogs (82.6%, 15.3 

m3) and the lowest amount of logs sawn (17.4%, 3.21 m3) but presents the highest 

recovery of high board grades (81.4 % of Str. Grade 1-2), with no boards recorded in the 

undergrade class (Figure 3.5). The second best-scenario in terms of recovery of high 

grades is Scenario F, where segregation is applied only to logs according to their stiffness. 

Although this scenario still presents a high proportion of logs destined for woodchips 

(69.3%, 12.8 m3) and only 5.66 m3 of sawlogs, almost 70% of the boards recovered are 

high grades. In scenario E, half the boards are of high grades, although having the largest 

volume of sawlogs milled (76.5%, 14.1 m3), and this is due to the lowest recovery rate of 

boards after milling (37.4%). The scenarios where no segregation is applied (A, B) or 

where logs are segregated only by volume (bottom logs, Scenario C) are the lowest in 

terms of recovery of high board grades.  

Table 3.5 Volume (m3) of logs harvested and recovered as sawlogs or pulplogs under each 

scenario and volume (m3) and amount (%) of boards recovered divided in high and low grades. 

Scenario Sawlogs Pulplogs 
Sawn 

boards 
High grades 

(m3)a 
Low grades 

(m3)b 

 (m3) (%)* (m3) (%)* (m3) (m3)a (%)** (m3)b (%)** 

A 0 0 18.5 100 0 0 0 0 0 

B 18.5 100 0 0 8.05 3.41 42.4 4.64 57.6 

C 7.54 40.8 10.9 59.2 3.21 1.13 35.2 2.08 64.8 

D 3.21 17.4 15.3 82.6 1.42 1.16 81.4 0.26 18.6 

E 14.1 76.5 4.33 23.5 5.28 2.65 50.2 2.63 49.8 

F 5.66 30.7 12.8 69.3 2.53 1.75 69.4 0.77 30.6 
a High grades includes of Structural grade No. 1 and 2 

b Low grades includes of Structural grade No. 3 and 4 and undergrade boards  
*(%) Percentages of logs are calculated as volume of sawlogs/pulplogs over the total volume of 

harvested logs (18.5 m3) 
**(%) grades are calculated as volume of boards in that category over the total volume of boards sawn 

in that scenario 
Darker shading is according to the rank of scenario, from the dark tone as best, to the light tone as less 

convenient in terms of recovery of high-quality boards 

The share of board grades recovered per scenario is graphically displayed in Figure 3.5. 

From this figure it is clear how the percentage of boards in higher grades (St. grade 1 and 

2) rapidly increases when segregating trees or logs for stiffness values, as in scenario D, 

E and F. Scenario F appears to be very similar to D in terms of recovery of high board 

grades, however it requires almost double the amount of logs to be sawn (5.66 m3 versus 

3.21 m3). Scenario B, where no segregation is applied, delivers a variety of board grades, 

similar to Scenario C, where logs are segregated only for their position, and E, where 

segregation is according to trees stiffness and log position. Scenario B (no segregation) 

and E (tree and log segregation) require large amount of logs to be sawn (18.5 m3 and 
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14.1 m3), while returning both a homogeneous mixture of low quality and high quality 

boards. Scenario C has the lowest amount of high board grades, being developed on a 

volumetric segregation without considering stiffness of trees or logs. 

 

Figure 3.5 Structural grades (%) recovered in scenarios B-F 

3.4 Discussion 

The results of our study show that a segregation methodology for structural timber can 

be implemented on the basis of sound statistical methods which would use tree and log 

variables, delivering a higher proportion of structurally better material when selecting 

trees and logs with quality above identified thresholds.  

We found an increasing longitudinal pattern of density and log stiffness (measured as 

dynamic modulus of elasticity, MOEl,dyn) along the stems, which was reflected in the 

models of board stiffness, where log position was found to be a significant predictor of 

stiffness. We found similar correlations between trees and logs AWV measurements, 

MOEl,dyn, and board stiffness, showing that AWV can be used to test stiffness directly 

without the need to use MOE measurements, which involve collection of density samples. 

Using only AWV, we developed models to describe the variation in stiffness of the boards 

with only-tree, only-log and tree and log variables together. In all models, stiffness of the 

boards increased with increasing values of AWVtree or AWVlog, but the validated models 

showed that none were able to explain more than 30% of average board stiffness.  This 

low fit is due to the large within-log variability in log properties, as demonstrated by the 

random-effects model, where we found , 70% of the overall variation in board stiffness 

was attributable to differences between boards within a log and only 2% was attributable 

to differences between logs in the same tree. These results are in line with research on 
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other species utilised for production of structural timber (Butler et al. 2017, Merlo et al. 

2014, Moore et al. 2013), where a large proportion of the variability in board stiffness is 

found within a log, rather than between logs, and another considerable part of the 

variation is due to tree-to-tree differences. Our relatively low coefficients of 

determination differ from those found in previous studies on the same species (Farrell et 

al. 2012, Blackburn et al. 2010) and on E. dunnii (Dickson et al. 2003) for several reasons. 

In our study we used all the logs harvested from each tree, up to a small end diameter of 

18.5 cm; this allowed us to capture a complete picture of the wood properties along the 

stems. This also reduced the strength in correlation between stiffness of boards derived 

from the top logs (placed at more than 15 m up the stem) and the AWV measured on the 

standing tree, which is evaluated at breast height (1.3 m). Furthermore, from each log all 

sawn boards were used for mechanical testing, thus detecting the large radial variability 

in wood properties from pith to bark (Legg & Bradley 2016). In this study a different 

modelling approach was also used, as mixed-linear models are more appropriate when 

dealing with clustered structures and random effects (Bolker et al. 2009); we took into 

consideration the fact that boards were derived from the same logs, which in turn have 

been harvested from the same tree. Along with a different model structure, we applied 

cross-validation of the models in unseen data to increase the confidence in the predictive 

ability of the models, and the coefficient of determination and RMSE presented are from 

this cross-validation procedure, and not from the descriptive model developed on the 

training dataset only.  

Utilising machine learning decision trees we found that AWVtree, AWVlog and log positions 

were the most significant variables when classifying the population of boards into 

stiffness classes. This allowed for a clear and immediate understanding of the share in 

board grades after implementation of segregation through variable thresholds. To our 

knowledge this is the first study using decision tree algorithms with clustered structure 

for timber material. These novel techniques can support forest growers and timber 

processors in understanding how much material of the desired quality would be 

achievable from their resource once wood quality of trees and logs is known. We 

developed two different models, one which would better suit log processors and one for 

forest growers, and used those into different segregation scenarios, to understand the 

recovery in board grades for each segregation choice.  

In terms of optimal use of the resource which might satisfy different markets, we found 

that segregating for stiffness thresholds would yield both logs for woodchips and logs to 

be used for structural products. The model developed through classification for 

thresholds of AWVtree and log position found that from trees with AWV of more than 4.56 

km/s and logs from middle and top parts of the stem, larger recoveries of sawn timber of 

higher grades can be obtained. This model can lead to two different scenarios, namely, 

segregating only trees at the 4.56 km/s threshold (scenario D) or trees at this threshold, 

and then middle and top logs (scenario E). The first case achieves a large proportion of 

high-grade boards (81.4 %), whilst being very restrictive on segregating only the best 

trees. This, however, leads to an overall low recovery of only 1.42 m3 of sawn timber. In 



Chapter 3 

64 

the second case (scenario E), more logs are accepted as sawlogs, yielding in total more 

sawn timber volume (2.65 m3) but an equal recovery of high quality and low quality 

boards. The model developed using only log variables found AWVlog to be the best 

classification variable, with a classification threshold of 3.91 km/s. Utilising this model 

scenario F was developed, finding that while only a limited amount of logs was used as 

sawlogs (5.66 m3),almost 70% of boards are of high quality. These results hold 

considerable implications in the use of AWV as a sorting tool. With large percentages of 

sawn material being of the highest grades, the value recovered from these boards might 

compensate for the extra time that operators would need to test logs prior milling. 

However, different segregation strategy models lead to scenarios which might largely 

differ in complexity, and the choice on the optimal segregation will be dependent on 

several factors.  

Segregating logs will create both a physical and an operational challenge due to the 

increased amount of log sorts, which will require efforts from log harvesters and 

contractor companies to organise the sorting and to allocate space for different log 

stockpiles. Log transport will be of great impact, as different trucks will have to leave the 

harvesting site, directed to the processing facilities, and the structure of the supply chain 

will be a determinant factor in selecting how many log sorts can be created without 

disruption. At the processing facility the number and type of logs will have to be handled 

from timber processors and millers, with processing costs which will increase with the 

amount of logs to be sawn and boards to be processed and stored. The timber resource 

market will be determinant in choosing one type of utilisation over another, considering 

that at times the market for structural products might be more demanding than the one 

for woodchips, and vice versa.  

The large variation in board stiffness derived from the same tree and from the same log, 

as well as the increased complexity due to different segregation choices, prove that 

segregation might be more useful if considered as a multi-stage process (Figure 3.6).  
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Figure 3.6 Segregation methodology developed according to the thresholds found in this study. 

Trees and logs AWV is respectively the acoustic wave velocity measured on trees or logs. The 

red dots represent the segregation points: (1) at the pre-harvest assessment in the forest, (2) at 

the harvesting in the landing site, (3) between the landing and the log yard when logs are 

further sorted and (4) at the log processing 
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If forest growers have the capability to implement wood quality testing to understand 

where trees of higher stiffness are located in their estates, plans for utilisation of the 

resource for different products can be developed far ahead of harvesting. Different 

plantations can be assigned to different uses according to their productivity, standing 

volume, and tree quality. In those areas where a mix of products (woodchips, sawlogs, 

and peeler logs) can be obtained, segregation might follow at the pre-harvesting 

assessment. During the pre-harvest assessment the trees which will present larger 

volume and higher stiffness can be marked out for structural products (Segregation point 

n.1) (Wang 2013), and at harvest the best trees would go directly into sawlogs, while logs 

from trees under the threshold would be further sorted (Segregation point n.2). During 

harvesting the operators have the capability to perform a tree assessment according to 

the form of the stem, and before the cross cutting the harvesting machinery can optimise 

the cut according to the volume of timber available and the log sorts required. If tree 

selection is not feasible, this study has demonstrated that middle and top logs will deliver 

stiffer logs, hence segregation can be applied for log position in the stem. Middle and top 

logs would be sorted as sawlogs and bottom logs under the threshold would be destined 

for other uses (e.g. appearance products, veneers, fibre for pulp and paper). After this 

first sorting at the landing, a further segregation according to the stiffness of the logs 

might take place on the log yard (Segregation point n.3), where logs above the desired 

threshold would go directly to be processed for higher structural grades, and logs below 

the threshold can be processed for lower grades or repurposed as other log types. The 

inner variability of wood properties in logs would need to be tackled with a further 

segregation on the sawing line (Segregation point n.4), to sort out boards of lower 

stiffness from those with higher values, thus improving the share of structural timber of 

higher grades. 

To choose between the last three scenarios (D to F, segregation for stiffness) a detailed 

analysis of recovery of the products is needed, after consideration of the operational 

constraints of increasing the amount of log sorts might lead to. When the market looks 

more favourable towards production of woodchips, the choice can be made in selecting 

only the best material at the tree level, as presented in scenario D, where a large 

proportion of logs will be destined for fibre production and those streamed to sawn board 

production will deliver larger shares of higher board grades. In this case the amount of 

logs to be sorted and transported is relatively low, as the segregation can be made by the 

harvester operator with as little as two stockpiles, one for woodchips and one for logs 

coming from high stiffness trees. The case presented in scenario E will render the 

segregation more complex, adding a step in selecting only middle and top logs for trees 

of lower stiffness values, so increasing the number of log sorts and the number of logs to 

be sawn, delivering half boards of higher quality and half of lower quality. This scenario 

might be favoured when there are no specific requirements in terms of products from the 

market and the supply chain has been structured in a way to handle more log sorts. The 

last scenario (F) presents the case where a more straight forward selection can be 

applied. Operationally log testing can be done already at the harvest site, or through the 
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use of specialised harvester heads (Walsh et al. 2014, Moore et al. 2016), and the creation 

of log stockpiles can ease the streaming of products to the best processing facility, where 

almost 70% of the material can be woodchips and out of the smaller number of log sawn 

almost 70% will satisfy higher grade requirements. This scenario will satisfy both forest 

growers, which would avoid tree selection and tree tracing, and log processors, which 

will have delivered smaller number of logs of quality high enough for recovery of the best 

grades. 

3.5 Conclusion 

The results of this study show that several tree and log variables are correlated with 

board stiffness, but only a limited number of these variables are useful for predicting final 

board grades. The classification trees developed for this study have found statistically 

relevant variables with which E. nitens trees and logs can be segregated to obtain sawn 

boards of desired stiffness and provide an understanding of the results that could be 

obtained through different segregation procedures. We have shown that segregation can 

be applied according to trees or log variables and will influence operational choices and 

different recoveries of timber products. The optimal segregation strategy will depend on 

the number of log sorts that the supply chain can handle and from the market 

requirements, however, segregation on the basis of stiffness thresholds would in all cases 

yield larger recoveries of high-quality boards. The best case is represented by segregation 

at log level, where logs with acoustic wave velocity higher than 3.91 km/s are used as 

sawlogs, and the rest of the material is used for woodchips. This scenario may satisfy both 

forest growers interested in serving different markets and wood processors looking to 

achieve the best grades with minimal numbers of logs sawn. Other scenarios represent 

cases that can be chosen when there is more market flexibility towards more products or 

the opposite, higher demand for specific product types. The classification trees developed 

provide insights for forest growers and timber processors on the most important 

variables for structural products and appropriate thresholds, and the segregation 

methodology developed can serve as a support tool to understand when and how to 

segregate trees and logs to achieve the best recovery of high structural grades of sawn 

timber. This is the first work which analyses in depth the process and consequences of 

segregation on eucalypt plantation timber, providing forest growers and timber 

processors with a greater understanding of the potential of their resource and with a 

scheme to operationally implement segregation strategies.  
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Chapter 4 Quality Traits of Plantation Eucalyptus Nitens 

Logs Impacting Volume and Value Recovery of 

Structural Sawn Boards  

4.1 Introduction 

The use of timber as a construction material is becoming increasingly prevalent due to 

the many benefits of wood. The physical properties of wood are attractive to the 

construction industry, being light-weight with a high strength-to-weight ratio and having 

predictable fire behaviour (Wimmers 2017). Wood possesses thermal insulating 

properties (Liu et al. 2018) and is a sustainable, renewable building material (Ramage et 

al. 2017) that can be used in timber structures to replace concrete and steel, thus 

reducing emissions of greenhouse gasses (Crawford & Cadorel 2017). The demand for 

wood-based panels is increasing both for construction of new residential buildings and 

for renovation of old structures, and this trend may help to meet targets of decreasing 

CO2 emissions (Hildebrandt et al. 2017).  

Wood-based panel constructions are mostly engineered wood products (EWPs), such as 

cross-laminated timber (CLT), glue-laminated timber (GLT) and laminated veneer 

lumber (LVL), which are highly optimised for pre-fabrication, decreasing the time needed 

for building construction and overall project costs (Hildebrandt et al. 2017, Kremer & 

Symmons 2018). The characteristics of the components of EWPs influence the quality and 

performance of the final panel, and EWP properties can be estimated from the properties 

of the layers composing the panels (Brandner et al. 2016, Derikvand, Kotlarewski, Lee, 

Jiao, Chan, et al. 2019). Dimensions, structural properties and presence of features are 

fundamental characteristics of structural boards composing the panels (Harte 2017) and 

dimensional stability and characteristics, such as checking, warping, and swelling, will 

affect the structural properties and the lamination of the final EWPs (Schmidt et al. 2019).  

Sawn timber from softwood species is the main resource used for EWPs, but there is an 

increased interest in using hardwood species (Espinoza & Buehlmann 2018, Luedtke et 

al. 2015), especially of the genus Eucalyptus which is widely planted across the globe 

(Dugmore et al. 2019, Derikvand et al. 2017). Characteristics of fast-growing Eucalyptus 

logs include small dimensions, lower strength and stiffness, and presence of unpruned 

branches, all of which impact the quality of the sawn timber. Fast-growing Eucalyptus can 

have low dimensional stability, exhibit drying defects, splitting, and low structural 

properties (Jacobs 1955, Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 2018, Ananías et 

al. 2014). These characteristics are related to the growth of the trees under short 

rotations without the application of silvicultural treatments. Traditionally the major use 

of fast-growing Eucalyptus species is for the production of logs for the pulp and paper 

industry. Both decreased demand for fibre (Liao et al. 2017) and increased need for wood 

for timber products (Hakamada et al. 2017) have become determinant factors in 
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considering alternative products for this resource (Wessels et al. 2020). However, 

targeted research is needed to understand how characteristics of the logs might impact 

the volume and value recovery of sawn material. To support the utilisation of the 

Eucalyptus resource for timber products it is necessary to determine the logs and sawn 

timber characteristics which might impact the recovery of products and their utilisation 

as structural boards for construction or as components of EWPs. The purpose of this work 

was to examine the quality of logs from fast-growing E. nitens plantations to understand 

the characteristics that impact the recovery of sawn timber. To achieve this aim the 

objectives were to: 

i. Investigate the longitudinal variation in wood properties of the logs sourced 

from different positions in the stem. 

ii. Investigate the recovery rate and characteristics of the sawn boards from the 

different logs. 

iii. Examine the relationship between the wood quality traits of logs, board recovery 

and board characteristics. 

4.2 Materials and methods 

4.2.1 Measurements on trees and harvested logs   

For this study, a fast-growing E. nitens plantation was selected as the source for the 

timber material. The study site was located in southern Tasmania, Australia (at latitude 

43°03'S, longitude 146°59'E) and was harvested for pulplogs in 2018 when the trees 

were 21 years old. Fifteen trees of merchantable form and straightness were selected for 

harvesting and intensive sampling. The harvesting took place during a commercial 

pulpwood harvesting operation, and the selected stems were felled, delimbed, debarked 

and bucked in log lengths of 5.5 m each. Each stem was felled at a stump height of about 

30 cm and all logs of a small end diameter of at least 185 mm were retained as sawlogs. 

One to four logs per tree were obtained, for a total of forty-nine harvested logs. Logs 

sourced from the same tree were grouped together in cutting order and each log was 

marked with a tree number and log position in the stem as bottom (A), second (B), third 

(C) and fourth (D) log to maintain identity.  

To test log density, a sample from each top end of the logs was collected, sawing 2.5 cm 

thick discs which were wrapped in plastic and transported in a cooler to the laboratory 

to measure density and moisture content. Green (GD, kg/m3) and basic density (BD, g/ 

kg/m3) were measured according to AS/NZS 1080.3:2000 (Standards Australia 2000), 

with measurements of volume and weight of the disks being performed using the water 

displacement method (Smith 1954). GD and BD of logs were calculated as an average of 

the GD or BD measurements of the bottom and top disks of the log. Figure 4.1 shows the 

process of selection from trees, to logs (with the disks for density measures), to boards, 

again with timber samples for density measures. 
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Figure 4.1 Tree, log, and board processing. Trees were harvested and bucked up to four logs per 

tree, which were all sawn into structural boards. Log disks were cut to test for log density and 

board samples were cut to test board density. 

Logs were delivered to the mill and placed on bearers 50 cm apart for further 

assessments. A colouring pattern was applied to each log end to maintain traceability 

through the sawing process. Logs were measured at both ends for maximum and 

minimum diameters (large end diameters and small end diameters, mm), log length (L, 

m) and log sweep at midpoint-2.6 m. The log end splitting was measured on each log face 

and on the side surface. From the above measurements we calculated log volume 

(Equation 1), log taper (Equation 2), log sweep (Equation 3) and log cylindricity, also 

called log ovality (Equation 4) (Warensjö & Rune 2004) (Figure 4.2). Log end splitting 

was measured at both long ends and calculated according to Equation 5 (Yang 2005) 

(Figure 4.3).  

                                                            𝑉 = [
𝐷1+𝐷2+𝐷3+𝐷4

4
×

1

2
]

2

× 𝜋 × 𝐿             (Equation 1) 

Where V is the log volume in m3, D1 (larger) and D2 (smaller) are large end diameters, in 

m, D3 (larger) and D4 (smaller) are the small end diameters, L is log length (m).  

                               𝑇 = [(
𝐷1+𝐷2

2
) −  (

𝐷3+𝐷4

2
)] /𝐿                                        (Equation 2) 

Where T is taper, in cm/m, and D and L the already defined diameters and length. 

           𝑍 = 𝑆/𝐿                                   (Equation 3) 
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Where Z is sweep, in cm/m, S is the maximum deviation of the centre line of the log from 

a straight line between the mid-points of the two ends (mm) and L is already defined.  

  𝐶𝐿𝑂𝐺 =  
1

2
× (

𝐷2

𝐷1
+

𝐷4

𝐷3
)       (Equation 4) 

Where CLOG is the cylindricity of the log.  

SPLITindex defined the split of each end, and the two log end values were then averaged 

per each log. 

𝑆𝑃𝐿𝐼𝑇𝑖𝑛𝑑𝑒𝑥 =  
(𝑆𝐿𝐸𝑁𝐷

2 /2)+ 𝑆𝐿𝑆𝑈𝑅𝐹×𝑆𝐿𝐸𝑁𝐷

𝑅2                 (Equation 5) 

With SLEND being the split length on the cut end of the log, SLSURF the split length on the 

log surface and R the mean radius of the log end.  

    

A B C D 

Figure 4.2 Examples of log characteristics: (A) log without sweep, minimal taper and no 

deviation from cylindricity, (B) log presenting deviation from cylindricity, (C) log presenting 

large taper, and (D) log presenting large sweep. Photo: Michelle Balasso 
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Figure 4.3 Log split index recording:  SLEND is recorded on the log face (right-hand side 

picture and left-hand side picture) and SLSURF is recorded on the log surface. Photo: 

Michelle Balasso 

We employed non-destructive techniques to record the stiffness of the logs measuring 

the acoustic wave velocity (AWV, km/s) of logs in the field. The AWV of each log was 

tested with the acoustic resonance device Director HM200 (Fibre-gen, New Zealand). The 

hand-held tool was placed on the log end, which was then tapped with a hammer; the 

tapping generates a series of reverberating waves, which velocity is measured by the tool. 

The stiffness of the log was then calculated as MOEdyn (GPa) according to Equation 6:  

𝑀𝑂𝐸𝑑𝑦𝑛 = 𝐺𝐷 ∗ 𝐴𝑊𝑉2      (Equation 6)  

4.2.2 Sawmill conversion and sawn-boards treatments 

Logs were back sawn in a commercial sawmill, maximising timber recovery and retaining 

the sapwood. Back-sawing, also known as tangential cutting, allows the growth rings to 

be parallel to the long edge of the boards.  

 

Figure 4.4 Graphic of the back-sawn (also called plain sawn or tangential cutting) in comparison 

with the quarter sawn type of cutting. Image source: Australian guitar timbers. 
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The target board dimensions were 75, 100, 125, 150 mm wide × 45 mm thick, and board 

length was maintained at 5.5 m without any end board docking. 268 boards were 

obtained, block stacked, tallied and transported to the drying mill. The air-drying period 

lasted for fourteen months, then boards were treated under a reconditioning cycle and 

finally kiln-dried to a nominal moisture content (MC) of 12%. Both reconditioning and 

kiln drying procedures followed the current schedules used for eucalypt material. The 

dried boards were square dressed to final widths of 70, 90, 120, 140, 165 mm (five boards 

were oversized as green), thickness of 35 mm, and average board length of 5.5 m. Boards 

were measured for total length, width, and thickness on five points along the length both 

before and after the dressing, to calculate their volume and to allow for calculation of the 

nominal (𝑁𝑟) and dressed (𝑁𝑑) recovery rate, according to Equation 7: 

𝑁𝑟/𝑑 =
𝑉𝑂/1

𝑉𝐿
           (Equation 7) 

Where 𝑁𝑟 or 𝑁𝑑 represents the nominal recovery rate of the boards (%), 𝑉𝑂 or 𝑉1 

represents the volume of the boards before dressing (m3), 𝑉𝐿 is the total volume of the 

harvested logs (m3). The dressed boards were transported to the engineering laboratory 

of the University of Tasmania, where they were manually measured and their quality 

visually assessed. Quality assessments were performed following AS 2082 (Standards 

Australia 2006), the grading standard adopted in Australia for structural boards.  

Dimensional defects including spring, bow, twist, cupping, and board end splits were 

measured at both ends of each board (mm). The aggregate length of splits per board was 

used to calculate a split ratio as the surface covered by splits over the total surface of the 

boards. Presence of significant checking on the boards surface was assessed, recording 

checks with individual length exceeding ¼ of the board’s length, while the presence of 

checking was visually assessed and recorded on a scale from 0 (no presence of  checking) 

to 3 (board surface severely checked). Collapse was recorded on a scale from 0 (no 

collapse presence) to 3 (heavy presence of collapse on the boards surface). Slope of grain 

was measured according to AS 1080.2 (Standards Australia 2006), to check for deviations 

of the grain from the surface of the boards. Down-grading defects such as presence of rot, 

wane (traces of under-bark surface which reduces the cross sectional area of the board), 

bark, traces of insects and fungal decay, presence of gum vein and resin pockets were all 

recorded. Debarking damage and blade damage were also checked and reported. Each 

board was inspected for features, and the total amount of knots, number of major knots 

(with knot diameter equal to or larger than ¼ of the width of the board), presence and 

number of knotholes, knot clusters, knot groups, and knot type (alive and dead) were 

recorded. Clearwood, defined as wood free from defects or impermissible features, was 

recorded as total length of sections per board where a clearwood section was equal to or 

longer than 500 mm on each board. The aggregate length of clearwood per board was 

used to calculate a clearwood ratio, as the amount of clearwood on the surface over the 

total surface of the boards. 
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The board static modulus of elasticity (MOEb,stat, GPa) was tested in an edge-wise four-

point static bending test following AS 4063.1 (Standards Australia 2010a), and calculated 

according to Equation 8: 

𝑀𝑂𝐸𝑏,𝑠𝑡𝑎𝑡 =  
3𝑎𝑙2−4𝑎3

4𝑏𝑑3(
𝜑2−𝜑1
𝐹2−𝐹1

)
        (Equation 8)  

Where the thickness of the board (mm) is measured as 𝑏 and the width as 𝑑, 𝑙 is the span 

length, corresponding to 18 times the width (mm), 𝑎 corresponds to 6 times the board 

width (mm), while F2 and F1 are two load measurements corresponding to 40% and 10% 

of the maximum load at failure point (Fmax). The maximum displacement (mm) at the two 

F2 and F1 loads is represented by 𝜑2 and 𝜑1, respectively. Each board was tested under 

bending, measuring the displacement of the mid-point of the boards with a known 

applied force in the linear region of the load.  

One hundred boards were selected randomly to represent equally at least one board per 

log and one board per width. Modulus of rupture (MOR, MPa) was calculated testing the 

boards in an edge-wise destructive bending test, following AS 4063.1 (Standards 

Australia 2010a), and calculated according to Equation 9: 

𝑀𝑂𝑅 =  
3 𝐹𝑚𝑎𝑥𝑎

𝑏𝑑2      (Equation 9) 

Density (BD) and moisture content (MC) of each board were measured from samples cut 

from the ends of each test board (Figure 4.1), which were tested according to AS 1080.3 

and AS 1080.1 (Standards Australia 2000, Standards Australia 2012) following the 

equations 10 and 11: 

𝐵𝐷 =  
𝑚1

𝑉
 × 

100

(100 + 𝑀𝐶)
    (Equation 10) 

𝑀𝐶 =  
𝑚1−𝑚0

𝑚0
 × 100     (Equation 11) 

Where 𝑚1 is the mass of the sample at the time of the testing (kg), V is the volume of the 

sample before oven-drying (m3), 𝑚0 is the mass of the sample after oven-drying (kg). The 

MC and BD of each board was calculated as an average of the samples at the bottom and 

top ends of each board. The MOEb,stat values obtained were adjusted based on the MC of 

each board, according to AS 2878.  

4.2.3 Statistical analysis  

Statistical analyses were performed using R studio statistical software (RStudio Team 

2016).  

The mean, standard deviation, and value ranges were calculated for each variable on logs 

and boards. One-way analysis of variance (ANOVA) for linear mixed models was used to 

test the effect of log position on log variables (volume, taper, sweep, cylindricity, split 

index, density and stiffness as MOEdyn) with tree as a random factor to account for non-
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independence of logs. Post hoc Tukey tests were conducted to compare log variables 

between logs (significance level 0.05). Assumptions of normality and homogeneity of 

variance were tested through Shapiro-Wilk’s test and graphical analysis of residuals 

plots. All variables met the assumptions except for sweep, and split index which were 

modelled through generalised linear mixed model with a gamma distribution function 

(Bates et al. 2015, Pinheiro & Bates 2000).  

Potential effects of log position on selected board characteristics were investigated 

through ANOVA for linear and generalised linear mixed models, with tree and log as 

random factors to account for non-independence of boards from a log and logs sourced 

from the same tree. Post hoc Tukey tests were conducted to compare board 

characteristics between logs (significance level 0.05). The board characteristics which 

did not show a normal distribution of the residual were modelled through generalised 

linear mixed model with a gamma distribution function (spring, bow, split ratio, 

clearwood ratio) and poisson distribution function (number of alive, dead and major 

knots). MOE, MOR and basic density presented a normal distribution of the residuals and 

were modelled through linear mixed models.  

To examine the relationship between log traits, board recovery and board characteristics, 

we used ANOVA for mixed effect models, where the fixed effects were the log variables 

including log position, log volume, taper, sweep, circularity, split index, basic density and 

MOEdyn. We selected as response variables those characteristics of interest for the 

production of structural boards: the volume of boards per log (as recovered dressed 

volume), the split ratio per board, the percentage of clearwood per board, MOEb,stat and 

MOR. We included in the model random effects for board within a log (~𝑁(0, 𝜎𝐵
2)) and log 

within a tree (~𝑁(0, 𝜎𝐿
2)). To gauge the strength of the relationship between the log traits 

that displayed a significant influence on board characteristics we used correlation 

analysis, through the Pearson correlation coefficient at a probability of P<0.05. 

4.3 Results  

4.3.1 Longitudinal variation in log properties   

From the selected trees 18.5 m3 of logs were recovered. Logs differed largely in their 

quality traits, depending on which position they were sourced from within the tree (Table 

4.1). There was an expected decrease in volume from bottom to top logs, with 

significantly (P < 0.001) less volume in logs located in upper positions in the stems. Other 

volumetric traits varied between log position as well; we expected bottom logs to present 

more taper, and we found significantly higher (P < 0.001) taper values in bottom logs in 

comparison to second and third logs, with double the taper in bottom logs than second 

logs. Large taper values were present also in the uppermost logs, which are those holding 

the tree crown where the stem is slender. Although taper and volume were different 

among logs, we did not find a significant difference in log sweep among logs originating 

from different positions in the stem, indicating logs were similarly straight. Some 



Chapter 4 

76 

 

differences were instead found for the cylindricity of the logs, where values close to 1 

mean that the log shape resembles that of a cylinder, with small shape variations which 

might impact the recovery of sawn timber. Second logs were significantly more 

cylindrical than bottom logs (P < 0.03), reflecting the differences in volume and taper 

between logs, which modify the overall shape. Different logs also presented variable 

amounts of log end splits, with bottom logs having larger end splits, significantly higher 

than second (P < 0.04) and third logs (P < 0.001), which had half and one third of the split 

index value compared to bottom logs.  

We found significant variation in internal wood properties of logs originating from 

different parts of the stems. Basic density showed an increasing longitudinal pattern, with 

third and fourth logs significantly denser than bottom and second logs (P < 0.001). This 

was reflected also by an increase in modulus of elasticity, which increased significantly 

from bottom to second logs, leveling around 16.5 GPa on the third logs and slightly 

decreasing to 16.1 GPa on fourth logs, showing significantly lower values (P < 0.001) from 

both second and third logs.  
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Table 4.1 Log quality traits . Log class indicates log position in the stem: log A (bottom logs), B (second logs), C (third logs), D (top logs). MOEdyn: 

Dynamic modulus of elasticity, measuring log stiffness. 

 

 

 

Log 

class 
N Volume (m3) Taper (cm/m) Sweep (mm/m) Log Cylindricity Split Index 

Basic density 

(kg/m3) 
MOEdyn (GPa) 

  
Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

A 15 
0.50 

(0.09)a 
0.37–0.74 

1.08 

(0.34)a 
0.45–1.78 4.40 (3)a 0–9.04 

0.95 

(0.02)a 
0.91–0.98 

1.52 

(1.30)a 
0.15–4.4 

515.4 

(37.2)a 

445.8–

573.1 

14.4 

(2.09)a 
11.5–18 

B 15 
0.37 

(0.07)b 
0.26–0.51 

0.57 

(0.18)b 
0.22–0.91 

2.60 

(3.21)a 
0–10 

0.97 

(0.01)b 
0.94–0.99 

0.89 

(0.76)b 
0.15–3.01 

530.6 

(37.6)a 

452.1–

593.9 

16.8 

(1.66)b 
13.8–20 

C 15 
0.28 

(0.07)c 
0.19–0.42 

0.70 

(0.18)bc 
0.36–1.04 

3.31 

(3.09)a 
0–9.06 

0.96 

(0.03)ab 
0.91–0.99 

0.52 

(0.32)b 
0.12–1.05 

557.4 

(36.9)b 

475.3–

622.9 

16.5 

(1.31)b 
14.2–19.0 

D 4 
0.27 

(0.04)d 
0.24–0.32 

0.90 

(0.19)ab 
0.68–1.14 

3.61 

(2.94)a 
0–7.21 

0.96 

(0.02)ab 
0.93–0.99 

0.71 

(0.72)c 
0.18–1.77 

564.9 

(27.3)bc 

540.4–

590.5 

16.1 

(1.28)a 
15.3–18.0 

All 

logs 
49 

0.38 

(0.12) 

0.19– 

0.74 

0.80 

(0.31) 
0.22–1.78 

3.45 

(3.08) 
0–10.1 

0.96 

(0.02) 
0.91–0.99 

0.96 

(0.94) 
0.12–4.40 

537 

(40.2) 

445.8–

622.9 

15.9 

(1.94) 
11.5–19.9 

Letters denote significant differences (P < 0.05) by Tukey test  
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Table 4.2 Board quality traits . Bow and Spring are calculated as maximum deviations on the board’s length according to AS 2082. Split ratio and 

clearwood ratio are the percentage of board affected by board end splits and the percentage of clearwood on the board surface. Log class as 

explained in Table 4.1.  

 

Log 

class 
N Bow (mm/L) Spring (mm/L) Split ratio (%) Clearwood ratio (%) No. of alive knots No. of dead knots No. of major knots 

  
Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

Mean 

(SD) 
Range 

A 106 
19.67 

(11.7)a 
0-45 8.11 (8)a 0-30 

6.20 

(6.44)a 
0-39.8 

42.9 

(29.1)a 
0-100 

4.65 

(6.75)a 
0-26 

6.64 

(4.64)a 
0-30 

3.25 

(4.05)a 
0-17 

B 83 
20.30 

(13.4)a 
0-60 

6.57 

(6.78)a 
0-25 

5.80 

(4.69)a 
0-22.8 

39.1 

(27.7)a 
0-92.9 

6.59 

(5.81)b 
0-22 

2.34 

(2.34)b 
0-11 

6.02 

(3.61)b 
1-16 

C 65 
20.15 

(14.0)a 
0-70 

8.62 

(10.6)a 
0-40 

4.76 

(5.11)a 
0-27.6 

37.4 

(26.2)a 
0-87.8 

7.71 

(5.64)b 
0-25 

2.02 

(2.23)b 
0-9 

6.34 

(3.33)b 
2-17 

D 14 
21.07 

(12.7)a 
0-40 

5.36 

(7.2)a 
0-20 

4.92 

(2.09)a 
0-8.28 

38.5 

(26.6)a 
0-88.8 

8.29 

(4.7)c 
0-14 

2.86 

(2.45)b 
0-6 

6.79 

(2.86)b 
2-11 

All 

boards 
268 

20.1 

(12.9) 
0-70 

7.61 

(8.35) 
0-40 

5.66 

(5.47) 
0-39.8 

40.1 

(27.8) 
0-100 

6.18 

(6.23) 
0-26 

3.99 

(4.03) 
0-30 

5.28 

(4.06) 
0-17 

Letters denote significant differences (P < 0.05) by Tukey test  
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4.3.2 Recovery rates and sawn-board properties   

A total of 268 boards was recovered from the sawing of the logs, with an average of 5.5 

boards per log. From bottom logs (log A) an average of 7.06 sawn boards per log was 

recovered, while second and third logs (B and C) respectively delivered on average 5.53 

and 4.33 boards per log, and top logs an average of 3.5 boards per log. The nominal 

recovery rate, calculated on the number of boards before the dressing stage was 43.6%, 

while the dressed recovery rate was 31.4%. We calculated the average volume of dressed 

boards recovered per log position, finding that bottom, second, third and fourth logs have 

on average yielded a board recovery of 31%, 33%, 32% and 28%, respectively. 

The characteristics of the sawn boards are expected to be dependent on the traits of the 

logs, however, in this study we did not find any significant differences in board 

characteristics from logs sourced from different positions in the tree, except for the knot 

characteristics (Table 4.2). Boards sourced from bottom logs had significantly more dead 

knots than other boards, while the number of major and alive knots was significantly 

higher in boards from upper positions in the stem. This longitudinal pattern in variation 

in type and number of knots is due to the branching habit and the living conditions of the 

trees in the unpruned plantations, where the bottom part of the stem retains dead 

branches and the top presents a green crown with large branches (which will display as 

major knots in the boards). As found on the logs, the properties of boards varied 

significantly from different log positions, with a two-fold variation in basic density, from 

426.1 kg/m3 to 778.8 kg/m3, a two-fold variation in MOEb,stat from 8.26 GPa to 18.1 GPa, 

and almost a six-fold variation in MOR, up to a maximum value of 110.7 MPa (Table 4.3). 

We found significant differences (P<0.001) in the density and MOEb,stat of the boards 

originating from different stem positions, with both an increasing trend in density and 

stiffness towards the top of the trees. Although there were differences in density and 

MOEb,stat, we did not find significant differences in the MOR of the boards originating from 

different log positions. This result might be due to the number of sawn boards 

destructively tested for MOR, which were less than those tested for MOEb,stat. From 

separate correlation analysis it was found that MOR was significantly correlated with 

both board’s density (r = 0.66, P<0.001) and MOEb,stat (r = 0.46, P<0.001), showing that 

there boards with high stiffness will likely be also denser and stronger. 
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Table 4.3 Board structural properties : Basic density (n = 268), Modulus of Elasticity (MOEb,stat, n 

= 268), and Modulus of Rupture (MOR, n = 100)  

Log 
class 

N Density (kg/m3) MOEb,stat (GPa) MOR (MPa) 

  
Mean 
(SD) 

Range Mean 
(SD) 

Range 
Mean 
(SD) 

Range 
5th 

percentile* 

A 106 
551.3 

(70.2)a 
426.1-
740.1 

12.9 
(2.25)a 

8.26-
17.2 

63.8 
(18.8)a 

26.8-
109.5 

26.8 

B 83 
576.1 

(56.8)b 
470.4-
694.6 

14.2 
(2.3)b 

9.73-
18.1 

69.1 
(22.2)a 

20.9-
101.1 

28.0 

C 65 
615.2 

(44.6)c 
530.9-
733.8 

13.8 (2)b 
10.3-
17.9 

70.1 
(25.7)a 

19.9-
110.7 

21.9 

D 14 
637.6 
(51)c 

596.7-
778.8 

14.3 
(1.87)ab 

11.6-
17 

61.1 
(18)a 

31.2-
90.4 

21.2 

All 
boards 

268 
578.9 
(65.9) 

426.1-
778.8 

13.6 
(2.25) 

8.26-
18.1 

67 (21.9) 
19.9-
110.7 

26.8 

Letters denote significant differences (P < 0.05) by Tukey test 
*5th percentile calculated per each log class on the total number of boards tested for MOR per 
class 

We calculated the board characteristics according to the total number of boards per log 

position (Figure 4.5), finding that some specific features were present, at least to a small 

extent, in almost all boards. All boards coming from second to top logs presented a major 

knot (measured according to AS 2082), while almost 70% of boards originating from 

bottom logs had a major knot. More than 60% of bottom boards presented severe 

checking, whilst the proportion of severely checked boards over the total of boards per 

log class decreased towards upper logs. A large percentage of boards in each log class 

presented surface collapse, which was present in more than 60% of boards per log class. 

The presence of major board end splits impacted the majority of boards in each log class, 

with the lowest proportion of boards with severe end splits being present in log class C, 

at 65%, and other log classes presenting a proportion from 70 to 85% of boards. Rot was 

detected in almost all log classes, although in less than 30% of boards per class. Bark and 

wane presence was often detected on the same board and impacted mostly those boards 

originating from top positions in the stem. Damage due to the processing of logs and 

boards was limited, with the largest being the debarking damage on boards originating 

from third logs. Maximum allowances for dimensional changes of the boards were 

evaluated according to AS 2082 (Standards Australia 2007), and only twist was detected 

in almost 20% of all boards in all log classes. 
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Figure 4.5 Board characteristics per board position 

4.3.3 Log quality traits and board characteristics 

Board volume recovery was significantly impacted by log volume and log taper (Table 

4.4), and the volume of boards recovered was positively correlated with the volume of 

the log. No other variables significantly influenced recovery of boards from the harvested 

logs. The percentage of end splits on boards was marginally influenced by the end splits 

on the logs. Log volume was the only log characteristic that influenced the percentage of 

clearwood on the boards. Log variables did not impact structural properties of the sawn 

boards, except MOEb,stat of the boards, which was highly influenced by the MOEdyn of the 

logs. 
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Table 4.4 ANOVA results for the impacts of log characteristics on board recovery and board traits 

 

 

 Volume recovery of 
dressed boards 

Split ratio (%) Clearwood ratio (%) 𝐌𝐎𝐄𝐛,𝐬𝐭𝐚𝐭 MOR 

Source of variation F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value 

Log 0.54 0.65 1.37 0.27 1.96 0.13 0.85 0.47 0.15 0.93 

Volume 14.4 < 0.001*** 3.00 0.10 7.79 0.009** 1.70 0.20 0.0006 0.98 

Taper 4.38 0.04* 0.52 0.48 0.18 0.67 0.62 0.43 0.68 0.41 

Sweep 0.10 0.76 3.46 0.07 0.002 0.96 0.46 0.50 2.35 0.13 

SI 0.33 0.57 8.38 0.007** 0.52 0.47 0.25 0.62 2018 0.14 

Cylindricity 0.01 0.93 1.75 0.19 0.22 0.64 0.44 0.51 0.22 0.64 

Basic density 1.21 0.29 0.05 0.82 0.05 0.83 0.05 0.82 0.43 0.52 

MOEdyn 0.98 0.34 2.50 0.14 3.11 0.10 10.4 0.003** 2.08 0.18 

MOEb,stat: Static modulus of elasticity, measuring board stiffness; MOR: modulus of rupture, measuring board strength; MOEdyn: Dynamic modulus 

of elasticity, measuring log stiffness. 
Significance levels: *** P < 0.001, *** P < 0.05 
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4.4 Discussion 

The quality and the quantity of timber that can be recovered from the hardwood 

plantation estate will inform uses and preferred markets for the resource. Understanding 

how plantation hardwood log traits influence the recovery of sawn boards, as well as 

sawn board structural traits and features, provides valuable information to inform forest 

growers and processors on best practices for log harvesting, grading, processing and 

sawmilling. In this study we found significant differences in traits of logs sourced from 

different positions in the stems of plantation E. nitens. Despite this clear variation in traits 

depending on log position, the impact on board quality was only evident in density, 

stiffness and some board features. Recovery of board volume was significantly influenced 

only by log volume and taper, while other important board traits such as end splits, 

amount of clearwood, and stiffness were impacted by log end splits, log volume and log 

modulus of elasticity, respectively.  

4.4.1 Longitudinal variation in log properties   

This is the first study of which we are aware that characterises the longitudinal variation 

in wood quality and log traits from harvested E. nitens logs and relates these traits to the 

characteristics of the resulting sawn boards. The differences in log quality traits that we 

found among logs indicate that logs  sourced from different heights could be utilised for 

specific products on different sawing lines. Logs originating from the bottom of the trees 

were significantly larger, more tapered, and had large values of sweep, but were not less 

cylindrical than other logs. These volumetric traits can influence the sawing recovery of 

timber as well as veneer recovery, if logs are to be peeled this should be taken into 

account prior to log processing. Mills that process larger logs for sawing and peeling 

might better utilise bottom logs, adapting the processing patterns to the geometry of the 

log, which can be scanned through log-scanners to optimise the cutting pattern (Oja et al. 

2003, Rinnhofer et al. 2003, Oja et al. 2004). Smaller logs require sawing strategies which 

would optimise the timber recovery and can adapt the pattern to the variable log 

geometry traits. Traditional sawing methods often fail to accommodate the small 

dimensions of the logs (Innes et al. 2008, Washusen 2013, Washusen et al. 2009) and 

appropriate sawing strategies need to be implemented to account for the characteristics 

of fast-growing Eucalyptus logs.  

All logs recovered in this study showed end splitting, which was larger for bottom logs 

and significantly different among log positions, differing from what was previously 

reported for this species (Vega et al. 2016, Valencia et al. 2011). These previous studies 

demonstrated that upper logs presented more end splits than bottom logs. The felling 

procedure (manual harvesting versus machine-felling through harvesters) as well as 

silvicultural treatments might have impacted the development of log end splits. 

Moreover, our study accounted for more logs up the stem (up to approximately 25 m 

height), while previous studies focused only on the first part (5.7 m) of the stem. Our 
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results show that to gain a full appreciation of longitudinal variation in wood quality 

traits and features, it is important to source logs from the full height of the stem. 

Density and stiffness (modulus of elasticity, MOEdyn) are traits of great importance for 

structural products in buildings and construction components including mass timber. In 

this study, higher values of both properties were found in upper positions in the stem, a 

finding consistent with previous research (Purnell 1988, Raymond & Muneri 2011, 

Shelbourne et al. 2002). The longitudinal variation in stiffness is mostly due to a 

combination of the effects of wood density and the microfibril angle in wood (Yang & 

Evans 2003), which firstly decreases and then increases towards the top of Eucalyptus 

stems (Evans et al. 2000). The combination of increased stiffness as well as density 

indicates that logs from upper positions in the stems would deliver timber of higher 

structural properties. Traditionally bottom logs are preferred for sawing (personal 

communication), with other logs destined for other uses as pulp, as they will deliver the 

most volume, while this study shows if stiffer timber is sought, the best choice would lie 

in other (upper) logs.  

4.4.2 Recovery rates and sawn-board properties   

We expected significant variation in the recovery of board volume from logs originating 

from different positions, as logs of different shapes and volumetric characteristics have 

been sawn. The recovery rates that we obtained in this study are higher than those 

previously recorded on similar resources (Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 

2018, Derikvand, Kotlarewski, Lee, Jiao, & Nolan 2018) due to both the sawing pattern 

and the use of all logs from the tree, supporting the hypothesis of sourcing logs from all 

heights up the stems for sawing, rather than limiting the use to bottom logs. Moreover, 

although the volume recovery from second logs was the highest (33%) it was not 

different than from other logs, showing that, proportionally, smaller logs can contribute 

a similar recovery to larger logs. 

We did not find significant variation in sawn board characteristics due to log position in 

the stem. Dimensional distortions including bow and spring, which would lead to 

dimensional instability of the boards, were not different among logs, suggesting that 

control of  variation of these traits is from sources other than log position, for example 

from release of stress during sawing (Washusen 2013). Important appearance traits, 

such as the presence of features, were instead different in boards sourced from different 

heights in the stem, as well as the structural traits, stiffness and density. The increased 

number of dead knots on boards from bottom logs, and alive knots on boards from top 

logs, are most likely related to the branching habit of Eucalyptus trees, which retain dead 

branches on the bottom part of the stem, and when the timber is sawn these lead to the 

trace of the branch as a dead and loose knot (Jacobs 1955).  

While there were differences in knot type and number of knots per log position, we found 

that the vast majority of boards presented at least one major knot. In this study we 
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followed the Visual-Stress Grading (VSG) system for structural timber according to the 

Australian Standard (Standards Australia 2007), in which the allowance for major knots 

for the highest board grade are for knots equal or smaller than ¼ the width of the board. 

Boards which present features and knots larger than this size, are relegated to lower 

grades, following the traditional rationale in which large knots decrease the overall board 

stiffness. The same logic applies for checking, which is typical of several Eucalyptus 

species (Elaieb et al. 2019) and is generally managed through application of appropriate 

drying schedules and pre-steaming processes (Yang & Liu 2018). Although our study has 

applied long air drying and a reconditioning treatment to reduce checking and collapse, 

overall checking still impacted more than 40% of boards in each log class on the dressed 

material. For fast-growing Eucalyptus material, knot and checking limitations present in 

the traditional VSG are too restrictive, leading to down-grading of structural boards 

which could instead reach stiffness values as high as structural grades (Balasso et al. 

2021a, Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 2018). Moreover, standards based 

on visual grading of boards do not account for the final use of the material, and in the case 

of mass timber the importance of features and checking is much lower than for single 

board elements, as those can be handled in the lamination of the mass timber structure 

(Derikvand, Jiao, et al. 2019, Wessels et al. 2020).  

As expected from the marked increasing longitudinal pattern of density and stiffness in 

the logs, we found larger stiffness and density values in boards originating from logs from 

upper positions. The significant differences that we found among boards from different 

logs in density and stiffness were not shared for timber strength, measured as modulus 

of rupture, which did not show any pattern along the stem. This leads to the conclusion 

that upper logs will deliver stiffer and denser sawn boards; however board strength will 

be variable regardless of the position in the log and stem from which boards are sourced 

from. 

4.4.3 Log quality traits and board characteristics 

The ability to predict board appearance and features from the characteristics of the logs 

would be highly advantageous for log processors who seek to maximise their revenue 

from milling logs. Moreover, a clearer understanding of which log characteristics are 

impacting sawn timber volume and value could support the creation of log grading 

standards which are reflective of the nature of fast-growing Eucalyptus timber. We 

considered characteristics which are impacting both board volume and value recovery 

and found moderate associations with only a few log traits. Volume of the log was a good 

predictor of amount of boards recovered, as well as log taper, but other log geometrical 

traits did not display any influence on board characteristics. We found large numbers of 

splits in the ends of all boards, which impacted the surface of the sawn timber and the 

overall recovery of clearwood. The amount of end splits on the boards can be predicted 

from the splits present on the ends of the logs, which in this study were larger on bottom 

logs. Accounting for log splits prior to log processing can improve the amount of sawn 
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timber recovered and limiting the appearance of splits on log ends would be preferable. 

Previous research has found some effects on log end splits from storage time of logs, but 

no improvement of splitting due to log steaming treatments (Vega et al. 2016) and more 

studies are needed in this area.  

The visual characteristics of timber are highly relevant for appearance products, in which 

the amount of clearwood on the boards determines the quality grade of the material. We 

found that the only log characteristic which impacted clearwood on boards was log 

volume, mostly due to the fact that larger logs would deliver more timber and larger 

sections of wood free from features. If recovery of sawn boards with substantial amount 

of clearwood is of interest, as is the case for appearance timber, bottom logs with a large 

volume should be segregated and allocated for this. This observation is important for log 

grading standards for appearance products. However, for standards dealing with 

structural products, where stiff timber is required, the most important log characteristic 

would be log stiffness, which might be considered in future log grading standards for 

structural timber. Log stiffness and log position are correlated, which explains why we 

detected log stiffness as the only source of variation of stiffness of boards. If log stiffness 

information was not available prior to milling logs, log position could be used instead, 

considering the consistent finding of stiffer logs and stiffer boards originating from upper 

positions in the stems.  

4.5 Conclusion 

Log quality traits are important variables that can be used to batch harvested logs into 

quality classes, or grades, following appropriate grading standards. Logs originating from 

a fast-growing Eucalyptus planted resource need appropriate grading, which would take 

into account log characteristics and the impact of those characteristics on the sawn 

timber. We found significant differences in almost all log traits, including volume, taper, 

log end splits, log density and stiffness, which differ in logs originating from different 

positions in the stems. However, the impact of those characteristics on board volume and 

value recovery was limited, and only log volume, taper, log end splits were important 

features for board traits as overall volume recovery, board end splits and amount of 

clearwood per board. Board structural properties are controlled by other factors, and we 

consistently found an influence of log stiffness and log position in determining board 

stiffness. The traits highlighted in this research can be employed to develop an updated 

grading standard for fast-growing Eucalyptus logs to serve different markets, including 

mass timber and engineering wood products.  
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Chapter 5 Development of Non-Destructive Techniques 

Based Selection and Grading Strategies for 

Plantation Eucalyptus Nitens Sawn Boards 

5.1 Introduction 

The increased demand for timber products is stimulating the use of alternative sources 

of raw forest materials, increasing the demand on plantation forestry. In the past two 

decades there was a rapid expansion of plantation forestry, especially in the southern 

hemisphere (Korhonen et al. 2014). The dominant hardwoods being planted are from the 

Eucalyptus genus and, in Australia, eucalypts account for over 884,000 ha, which annually 

generate over 10 million m3 of pulp logs (ABARES 2019b). The use of eucalypt timber fast 

grown in plantations is currently being explored as a complement to the softwood used 

in structural products and for native forest timber. Although bearing large potential to be 

used in different timber products, the characteristics of eucalypt plantation timber, its 

processing, and its use in mass timber elements for buildings is still a novel area of 

research (Derikvand et al. 2017).  

Eucalypt timber grown in plantations is routinely harvested on 15-year rotations. Stands 

are established at high stocking rates to favour competition and fast growth and are 

managed mostly without silvicultural treatments such as thinning or pruning. 

Consequently, the timber derived from plantations includes certain characteristics such 

as knots, derived from the branching habits of the trees, drying features such as checks 

and splits (Jacobs 1955, Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 2018), dimensional 

instability (Yang & Liu 2018) (due to fast growth), presence of large amounts of checks 

on the surface and in the timber elements (Shelbourne et al. 2002) (due to the high 

growth stress of the wood) and is generally less dense than native timbers given the very 

young age at harvest. All of these factors, although extremely relevant for structural 

products, might not be an obstacle in the use of plantation timber for construction 

elements, as it has been demonstrated that engineered and mass timber can minimize the 

detrimental consequences of these characteristics and satisfactorily achieve desired 

structural properties (Derikvand, Jiao, et al. 2019).  

Traditionally, timber characteristics and features are used to grade the timber and assign 

boards to structural grades which engineers and builders can confidently use for building 

structures with minimum ‘fit-for-purpose’ requirements. These grading systems are 

mostly derived from studies on native and old-growth forests and the relevant structural 

grading standard in Australia (Australian Standard (AS) 2082) (Standards Australia 

2007) is based on visual assessments of timber features on sawn boards which is used to 

allocate them into structural grades (Visual-Stress-Grading (VSG)). These structural 

grades, combined with the mechanical properties of the species, lead to the classification 

of sawn boards into stress grades (F-grades), which have associated design values 
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required by architects and timber engineers (Standards Australia 2010b). This derives 

from the assumption of a direct correlation of the visual characteristics of timber and its 

structural properties (strength and stiffness) (Derikvand, Kotlarewski, Lee, Jiao, Chan, et 

al. 2018). This grading system is reliable for native timbers, for which it was developed, 

but is less reliable for hardwood plantation timber, as the timber presents several 

features that do not meet VSG standards, even though the boards might achieve 

acceptable levels of stiffness and strength (Derikvand, Kotlarewski, Lee, Jiao, Chan, et al. 

2019). Structural grading of fast-growing Eucalyptus species might require different 

approaches, and research on other species has highlighted how combined approaches of 

visual grading and testing allow to achieve satisfactory results for strength grading (Piter 

et al. 2004a, Piter et al. 2004b). 

Alternative grading methods to overcome the limitations of visual grading need to be 

examined, and non-destructive testing (NDT) techniques have emerged as alternative 

tools to rapidly test timber and determine its structural properties (Legg & Bradley 2016, 

Wang et al. 2008). Non-destructive testing techniques measuring acoustic wave velocity 

(AWV) inside timber are of interest, given known correlations between stiffness tested 

through AWV and actual timber stiffness (measured as modulus of elasticity, MOE) 

assessed through mechanical tests (Auty & Achim 2008, Butler et al. 2017). Although 

largely studied as wood quality testing tools on trees and logs, very little is known of the 

potential of AWV as a grading tool for structural timber. Sawn boards processed from 

plantation logs might differ significantly in their properties and stiffness due to the 

characteristics of the wood, log position in the tree, processing methods and wood 

treatments, and early testing of sawn boards can be advantageous to select the best and 

stiffer material as early in the processing cycle as possible. Furthermore, the use of AWV 

as a rapid grading tool can be an effective means of classifying sawn boards into stress 

grades useful for timber users. Given the limited knowledge on the use of AWV for sawn-

board segregation and grading tools, this study’s objective was to investigate the 

suitability of NDT-acoustic wave velocity-based strategies to improve the segregation 

and grading of structural boards sourced from plantation Eucalyptus nitens logs. 

Acoustic wave velocity was employed as a non-destructive technique to test mechanical 

properties at the early processing stages and its capability as a grading and segregation 

tool on sawn boards was evaluated. The specific aims of the study were to:  

1. Examine the effect of log position in the stem and board treatment stage on sawn 

boards’ stiffness, measured as dynamic modulus of elasticity (MOEdyn). 

2. Understand the correlative relationship between MOEdyn measured using NDT-

acoustic wave velocity at different processing stages and the actual stiffness of 

sawn boards (static modulus of elasticity, MOEstat). 

3. Analyse the accuracy of the Visual-Stress-Grading (VSG) method and AWV in 

estimating the MOEstat of sawn boards. 
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4. Improve the accuracy of VSG method in predicting the MOEstat of sawn boards 

using AWV. 

5.2 Material and methods 

5.2.1 Timber Resource 

The material used in this study was sourced from a 21-year-old E. nitens plantation 

located in southern Tasmania, Australia (latitude 43°03′ S, longitude 146°59′ E). Trees 

were originally planted for the production of fiber and were harvested during a 

commercial pulpwood operation in the winter of 2018. For the study, a total of 18.5 m3 

of logs were harvested from 15 selected stems and all logs up to a small-end diameter of 

185 mm were used as sawlogs for the study. Up to four logs were recovered per tree, 

recorded as log A, log B, log C, and log D (for the bottom, second, third and top log, 

respectively). A colouring pattern was applied to the end of the logs to maintain 

traceability during the processing stages. Logs were sawn into boards of four nominal 

widths of 75 mm, 100 mm, 125 mm, 150 mm, a nominal 45 mm thickness and average 

length of 5500 mm. A back-sawing pattern was chosen to maximize timber recovery, 

while retaining sapwood. A total of 268 boards were cut, block-stacked, tallied, and 

transported to the drying mill.  

5.2.2 Board Treatment Stages and Testing 

Prior to drying, each board was measured on 5 points along its length for width and 

thickness to assess individual board volume, and the board stiffness was measured using 

AWV with the acoustic resonance device Director HM200 (Fibre-gen, New Zealand). Each 

single board was tested alone on insulated trestles, to avoid transmission of the waves to 

the supports or to other timber. The test consisted of tapping with a hammer at one end 

of the board and reading the AWV value with the hand-held tool. Each board was weighed 

on a calibrated scale and the mass was used with the board volume to calculate the green 

density (GD, kg/m3) of the boards. The dynamic MOE (MOEdyn, GPa) of each sawn board 

was then calculated as  

𝑀𝑂𝐸𝑑𝑦𝑛 = 𝐺𝐷 ∗ 𝐴𝑊𝑉2 (1) 

This set of measurements is referred to as ‘green-stage’, with moisture content (MC) of 

the boards being more than 25%, due to the large amount of water contained in the 

freshly cut timber. The boards were then air-dried for a period of fourteen months and 

reconditioned prior to final kiln drying. The same measurements performed on the green 

boards were repeated on the air-dried boards to record volume, mass, and AWV, referred 

to as ‘air-dry-stage’, in which the MC was tested at the mill to be at 12%. The boards were 

reconditioned and kiln dried, employing the operational drying schedule used for 

eucalypt material in the mill, to a nominal MC of 12%. After kiln-drying, the same 

measurements were performed on the boards to record volume, mass and AWV at the 
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‘kiln-dry-stage’. The dried boards were square dressed (planed on the width) to final 

widths of 70, 90, 120, 140, 165 mm (five boards were over-sized as green), planed to a 

final thickness of 35 mm, and to an average board length of 5.5 m, maintaining the boards’ 

identity. The boards were transported to the engineering laboratory at the University of 

Tasmania, where volume, mass, and AWV were measured, and this stage is referred to as 

‘dressed stage’, where the boards’ MC was at 12%. Each board was visually assessed and 

characteristics were recorded according to the Visual-Stress-Grading (VSG) method 

adopted for structural boards in Australia following AS 2082 (Standards Australia 2006). 

Important features to estimate the board grade through the VSG were also noted as part 

of the investigation, and the total number of knots, knot type (sound/unsound), number 

of major knots, number of knot clusters, presence of board checking (checks deeper than 

3 mm or longer than ¼ the length of the board), presence of pith in the boards, presence 

of rot, wane, gum vein, and insect traces were all recorded. 

Using the VSG method, we placed the sawn boards into structural grades. Structural 

grades range from 1 as the highest to 4 as the poorest, according to the visual features of 

the boards. Seasoned (dried) E. nitens is part of seasoned strength group SD4, for which 

those structural grades 1 to 4 correspond to stress grades of F22, F17, F14 and F11, 

respectively (Standards Australia 2006). The Modulus of Elasticity of those stress grades 

can be found from table H2.1 of AS 1720.1 (Standards Australia 2010b). This process 

allowed to assign a relevant F-grade (stress grade) to each board, which corresponded to 

the expected MOEstat listed in AS 1720.1.. The relevant grades are outlined in Table 5.1, 

reporting the expected minimum MOE values per each F-grade.  

Table 5.1 Structural grades assigned to the sawn boards after mechanical testing according to 

(Australian Standard) AS 4063.1 (Standards Australia 2010a) and the corresponding Modulus 

of Elasticity (MOE) outlined in the Australian Standard 1720.1, Table H2.1. 

Structural Grade a Stress Grade (F-Grade) a 
Board Modulus of 

Elasticity (MOEstat, GPa) b 
Structural grade No. 1 F22 16 
Structural grade No. 2 F17 14 
Structural grade No. 3 F14 12 
Structural grade No. 4 F11 10.5 

a AS 2082 (Standards Australia 2006). b AS 1720.1, Table H2.1 (Standards Australia 2010b). 

After VSG, structural tests were performed. The static modulus of elasticity (MOEstat, GPa) 

of the boards was tested in an edge-wise four-point static bending-test, in accordance 

with the test procedures outlined in AS 4063.1 (Standards Australia 2010a), and 

calculated according to Equation (2): 
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𝑀𝑂𝐸𝑠𝑡𝑎𝑡 =  
3𝑎𝑙2 − 4𝑎3

4𝑏𝑑3 (
𝜑2 − 𝜑1

𝐹2 − 𝐹1
)

 (2) 

with 𝑏 and 𝑑 being the thickness and the width of the board (mm) and 𝑙 the span length, 

corresponding to 18 times the width (mm). 𝑎 corresponds to 6 times the board width 

(mm). F2 and F1 correspond to 40% and 10% of the maximum load at failure point 

(Fmax). 𝜑2 and 𝜑1 are respectively the maximum displacement (mm) at F2 and F1 loads.  

Two samples of timber were recovered from each tested board, consistently cut from the 

top and bottom ends, to measure Basic Density (BD) and MC according to the procedure 

described in AS 1080.3 and AS 1080.1 (Standards Australia 2012, Standards Australia 

2000) and the following Equations (3) and (4). The test was performed to record the 

density of the timber at the time of the mechanical testing as required by the Australian 

Standards. The average density of the timber was 578.9 kg/m3. 

𝐵𝐷 =  
𝑚1

𝑉
 × 

100

(100 +  𝑀𝐶)
 (3) 

𝑀𝐶 =  
𝑚1 − 𝑚0

𝑚0
 × 100 (4) 

where 𝑚1 is the mass of the sample at the time of the testing (kg), V is the volume of the 

sample before oven-drying (m3), and 𝑚0 is the mass of the sample after oven drying (kg). 

The MC and BD of each board were calculated as an average of the samples at the bottom 

and top ends of each board. The MOEstat values obtained were adjusted based on the MC 

of each board, according to AS 2878 (Standards Australia 2017).  

5.2.3 Statistical Analysis 

Statistical analyses were performed using R studio statistical software (RStudio Team 

2016).  

We used the Kolmogorov–Smirnov test and Levene’s tests to verify the normality and 

homogeneity of variance in the data. We inspected the dataset for outliers using Tukey’s 

fences method (Tukey 1977) and visual inspection of plots. We investigated differences 

in MOEdyn of the boards sourced from different positions in the stem (A, B, C, D) at 

different treatment stages (green, air-dry, kiln-dry, and dressed) through two-way 

repeated measures analysis of variance (ANOVA), comparing the means of MOEdyn of the 

boards at different treatment stages and between logs. We used tree as a random effect 

to account for non-independence of logs coming from the same tree. The repeated-

measures model considered log position (four fixed levels), treatment stage (four fixed 

levels), and their interaction (nine fixed levels). Significance levels were kept at p = 0.05. 

We used multiple pairwise comparisons as post-hoc tests to identify differences between 
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boards MOEdyn in the treatment stages and TukeyHSD test to investigate differences in 

board MOEdyn among log positions. 

We investigated differences in modulus of elasticity of the boards as measured through 

AWV at the green and dressed stage and modulus of elasticity measured mechanically at 

the dressed stage, thus comparing the MOEdyn of green or dressed boards and MOEstat of 

dressed boards. We used two-way ANOVA to account for log position, obtaining a 

repeated measure model consisting of log position (four fixed levels), measurement stage 

(three fixed levels), and their interaction (six fixed levels). We used multiple pairwise 

comparisons as post-hoc tests to identify differences between board modulus of elasticity 

among the two measurements. We then modelled the relationship between MOEdyn of the 

boards measured at different stages (green, air-dry, kiln-dry, and dressed) and MOEstat 

using linear regression. 

To analyse the results of the visual grading (VSG) and non-destructive grading (NDT) we 

compared the grade classification of the dressed boards from the two system with the 

actual board MOEstat tested through mechanical testing. We used one-way ANOVA to 

compare the means of dressed board modulus of elasticity (MOEdyn and MOEstat) using 

the F-grade determined through VSG as the factor variable. 

We used Pearson’s correlation coefficient at a probability level of 0.05 to test the 

correlation among board features and board MOEstat. If significantly correlated, those 

features could be included as variables into multiple regression modelling with MOEdyn 

to predict MOEstat. We used linear regression to model the relationship between MOEdyn 

and MOEstat and used the predicted values to classify the boards and then compared that 

classification with the classifications presented for VSG and AWV. 

5.3 Results 

5.3.1 Board Treatment Stages 

Data followed normality and homogeneity of variance. The dynamic board modulus of 

elasticity measured at different treatment stages is represented in Figure 5.1. There was 

a general increase in MOEdyn from the green to the kiln-dry stage, after which the MOEdyn 

recorded for the dressed stage decreased. Differences in MOEdyn were due both to the 

position of the log in the tree and to the treatment; however, the interaction between log 

position and treatment was not significant (Table 5.2). 
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Table 5.2 Significance of log position and treatment stage on modulus of elasticity (measured as 

MOEdyn) of the boards . The repeated measures model considers log position (degrees of 

freedom (df) = 3) and treatment stage (df = 3) and their interaction (df = 9) as fixed terms. The 

residual degrees of freedom are 1042. 

Fixed Terms  F Value p Value 
Log position 24.6 <0.001 *** 

Treatment stage 53.9 <0.001 *** 
Log position × Treatment stage 0.09 1 

*** Significance with P< 0.001 

 

 

Figure 5.1 Modulus of elasticity of boards measured at different treatment stages . On the x-axis 

dynamic modulus of elasticity (MOEdyn) measured through acoustic wave velocity (AWV) is 

reported at each stage (green, air-dry, kiln-dry, and dressed). Letters (A, B, C, D) indicate the log 

position, with increasing position in the stem from A to D. Standard errors for green and 

dressed stages are reported in Table 3. Standard errors for air-dry stage are: Log A (3.12), log B 

(3.18), log C (2.77), log D (1.22), and for kiln-dry stage are: Log A (3.28), log B (3.30), log C 

(2.36), log D (1.41). 

Air-dry and kiln-dry MOEdyn values were significantly higher than green MOEdyn for all log 

positions (Figure 5.1). Dressed MOEdyn was not significantly different between green 

MOEdyn for boards coming from the first, second, and top logs (log A t(106) = 2.53, p = 

0.07, log B t(83) = 2.31, p = 0.14, log D t(14) = 0.09, p = 1), but significantly different for 

boards coming from third logs (log C t(65) = 3.42, p < 0.05). Dressed MOEdyn was also 
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significantly lower than kiln-dry MOEdyn (log A t(106) = 17.7, p < 0.001, log B t(83) = 13.9, 

p < 0.001, log C t(65) = 20.5, p < 0.001, log D t(14) = 6.72, p < 0.001). 

There were no significant differences between modulus of elasticity measured at the 

green stage or dressed stage through AWV and actual modulus of elasticity measured at 

the dressed stage via mechanical testing (F = 1.94, p = 0.15); however, significant 

differences among log positions were present (F = 17.3, p < 0.001). There was no 

interaction between log position and measurement type (F = 0.17, p = 0.99).  

Table 5.3 reports the values of modulus of elasticity at the green and dressed stages 

measured via AWV (MOEdyn) and actual modulus of elasticity measured mechanically 

(MOEstat). 

Table 5.3 Repeated measures ANOVA results table of modulus of elasticity measured at different 

green and dressed stages (as MOEdyn and MOEstat) in boards coming from logs of different 

positions in the stems (bottom A, middle B and C and top logs D). Different letters across rows 

denote differences in modulus of elasticity at the various processing stages for boards coming 

from the same log. 

Log position 
Stage 

Green Dressed 
MOEdyn (GPa) MOEdyn (GPa) MOEstat (GPa) 

A 13.3 (2.88) a 13.0 (2.96) b 12.9 (2.25) ab 
B 14.4 (2.67) a 14.1 (2.95) a 14.2 (2.30) a  
C 14.3 (1.95) a 14.0 (2.23) b 13.8 (2.00) ab 
D 14.0 (1.23) a 14.0 (1.67) a 14.3 (1.87) a 

Log position in the stem influenced the modulus of elasticity of boards (Figure 5.1). 

Boards coming from bottom logs (log A) had consistently lower modulus of elasticity than 

boards from other positions in all treatment stages, but this relationship was not always 

significant. Although lower, the modulus of elasticity of boards from bottom logs (A) was 

not significantly different than that of boards from top logs (D), but significantly lower 

than that of boards from middle positions in the stems (log B and C).  

The correlations between AWV MOEdyn measured at different stages and actual MOEstat 

were strong and significant at the 0.001 level (Figure 5.2). Considering specifically the 

first and last panel, measurement of MOEdyn on green boards through AWV can explain 

almost 60% of the variability in actual MOEstat, and measurement of MOEdyn on dressed 

boards through AWV can explain almost 70% of the variability in actual MOEstat. 
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Figure 5.2 Relationships between MOEdyn of boards (NDT measure) at the green, air-dry, kiln-

dry, and dressed stages with the MOEstat (mechanical testing) of the dressed boards. 

5.3.2 Grading Systems 

The results of the allocation of boards to F-grades according to both visual grading (VSG) 

and AWV are presented in Table 5.4 and Table 5.5, respectively. These are reported 

alongside the F-grade of the boards determined using the actual modulus of elasticity of 

the boards measured through mechanical testing (MOEstat). The VSG method had a large 

error, misclassifying the boards with an 82.5% rate of error. 70.2% of the board F-grades 

were underestimated, while 12.3% were overestimated, in respect to the actual MOEstat 

of the boards.  
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Table 5.4 Classification of boards via the visual stress grading (VSG) method and relative error. 

Grades are ordered from the highest grade (F22) to the lowest (F11) following the Australian 

Standard for E. nitens. UG: boards that are under-grade, with MOEstat lower than the lowest limit 

in the Australian Standard for E. nitens. 

VSG 
Grade 

% Grade 
* 

Actual F-Grade Determined through 
MOEstat (%) 

Total Error VSG ** 
(%) 

F22 F17 F14 F11 UG 
F22 4.48 0.37 1.49 1.87 0.37 0.37 4.10 
F17 3.36 0.75 1.87 0.37 - 0.37 1.49 
F14 23.1 7.09 5.60 5.60 3.73 1.12 17.5 
F11 29.9 4.85 6.72 9.33 6.34 2.61 23.5 
UG 39.2 6.34 8.96 14.2 6.34 3.36 35.8 

Total 100 19.4 24.6 31.3 16.8 7.84 82.5 

* Percentage of boards in F-grades determined via VSG (Visual Stress Grading). ** Total error 

determined as sum of the percentage of boards misclassified (minus the percentage of boards 

placed into the correct F-grade). As an example, the total VSG error for UG boards is the sum of 

boards that should have been placed in F22, F17, F14, and F11 grades, 6.34 + 8.96 + 14.2 + 6.34 

= 35.8% total error. 

The classification error was considerably lower when utilizing the non-destructive 

technique of AWV to classify the boards into F-grades. A total error of 45.2% was 

recorded, with 22% of the boards being underestimated in their grade and 23.5% being 

overestimated. The indirect measure of MOEdyn via AWV is correlated with the actual 

MOEstat of the boards (last panel of Figure 5.2), which is likely the reason for a better 

classification of boards compared to the VSG method. Table 5.6 presents the comparison 

of AWV MOEdyn and actual MOEstat of the F-grades determined through VSG method. No 

significant difference was detected between the MOEstat of the grades, except for MOEstat 

of F17 and F11 which were found to be significantly different (p < 0.05). This further 

strengthens the lack of reliability of the VSG to be applied to plantation E. nitens timber 

in detecting the actual stiffness of the boards, either measured as MOEdyn or MOEstat. 

Table 5.5 Classification of boards via AWV and relative error . Board grades are as described 
in Table 5.4. 

AWV 
Grade 

% Grade * 
Actual F-Grade Determined through 

MOEstat (%) 
Total Error AWV 

(%) ** 
F22 F17 F14 F11 UG 

F22 22.8 14.2 7.09 0.75 0.37 0.75 8.58 
F17 23.9 4.48 10.5 7.84 1.12 - 13.4 
F14 29.1 0.37 6.72 17.2 4.85 - 11.9 
F11 12.3 0.37 0.37 4.10 6.72 0.75 5.60 
UG 11.9 - - 1.49 4.10 6.34 5.60 

Total 100 19.4 24.6 31.3 17.2 7.84 45.2 
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* Percentage of boards in F-grades determined through classification via AWV. ** Total error 

determined as sum of the percentage of boards misclassified (minus the percentage of boards 

placed into the correct F-grade). See Table 4 for example. 

Table 5.6 Actual stiffness (MOEdyn and MOEstat) of dressed boards (n = 268) classified by the 

Visual Stress Grading (VSG) grades. Comparisons among grades are made separately for 
MOEdyn and for MOEstat, respectively, and different letters within columns indicate 

significant differences. Board grades are as described in Table 5.4 
. 

VSG F-Grade MOEdyn (GPa) MOEstat (GPa) 
F22 13.1 (2.58) a 13.4 (2.21) ab 
F17 14.1 (2.83) a 14.2 (2.31) a 
F14 15.6 (3.31) a 14.4 (2.22) ab 
F11 13.3 (2.37) a 13.1 (1.76) b 
UG 13.5 (2.82) a 13.4 (2.23) ab 

We found that the features of boards that are mostly correlated with actual MOEstat were 

board density (r = 0.66, p < 0.001), number of sound knots (r = −0.40, p < 0.001), number 

of knots (r = −0.37, p < 0.001), number of major knots (r = −0.27, p < 0.001), presence of 

pith in the boards (r = −0.38, p < 0.001), and presence of checks deeper than 3 mm (r = 

−0.18, p < 0.01). Although significantly correlated with the modulus of elasticity of the 

boards, those features did not contribute to improving the correlation between MOEdyn 

measured via AWV and actual MOEstat. Therefore, we modelled MOEstat only using MOEdyn 

as tested with AWV, without accounting further for board features. The predictions of 

this model were validated against the observed MOEstat values and it was found that the 

model could explain 69% of the variability in actual MOEstat of the boards with a RMSE of 

1.26 GPa (Figure 5.3 (a)). The residuals of this model were normally distributed and did 

not show apparent bias with the fitted values (Figure 5.3 (b)). 

  

Figure 5.3 (a) Observed vs. predicted boards Static Modulus of Elasticity (GPa) for the entire 

dataset, (b) residuals (n boards = 268). Solid line represents the regression line. 
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The regression equation showed that for an increase of 0.67 GPa in MOEdyn there would 

be a corresponding increase in MOEstat of 1 GPa. Using this model, the actual MOEstat was 

predicted on the overall dataset, obtaining the classification of boards as presented in 

Table 5.7. The overall error was less than both the VSG and the classification made 

directly with the MOEdyn values tested through AWV, for a total of 43.3%. Using the 

regression equation to predict the MOEstat of the boards, 18.3% of the boards would be 

over-estimated, while 25% would be underestimated. In respect to the actual values 

recorded through AWV, the overestimation is lower, and the underestimation is higher.  

Table 5.7 Classification of boards via the equation developed through AWV and relative error. 

Predicted AWV 
Grade 

% Grade 
* 

 Actual F-Grade Determined through 
MOEstat (%) 

Total Error AWV 
** (%) 

 F22 F17 F14 F11 UG 
F22 19.4  10.8 7.84 0.37 0.37 - 8.58 
F17 24.6  2.99 14.2 7.46 - - 10.5 
F14 31.3  0.37 7.46 21.3 1.87 0.37 10.1 
F11 17.2  0.37 1.12 8.58 7.09 - 10.1 
UG 7.46  0.37 - - 3.73 3.36 4.10 

Total 100  14.9 30.6 37.7 13.1 3.73 43.3 

* Percentage of boards in F-grades determined through classification via AWV. ** Total error 

determined as sum of the percentage of boards misclassified (minus the percentage of boards 

placed into the correct F-grade). See Table 5.4 for example. 

5.4 Discussion 

5.4.1 Board Treatment Stages 

This work investigated sources of variation in stiffness, measured as modulus of elasticity 

of E. nitens sawn boards, and examined the potential for non-destructive testing (NDT) 

techniques to depict actual board stiffness and grading of boards. We found that an 

indirect measure of modulus of elasticity through acoustic wave velocity (AWV) at the 

earliest stage of log sawing corresponds well to the values that can be recorded from the 

dressed timber, allowing for the use of this technology as a viable substitute for 

cumbersome mechanical testing. Furthermore, AWV can be used as a segregation tool to 

select the stiffer boards early in the production chain, allowing only the best boards to be 

directed through the lengthy drying and reconditioning process, and re-purposing the 

lower-grade boards to other processing streams, thus saving resources by processing 

only high-quality boards. 

We found that modulus of elasticity varies due to log position in the stem and board 

treatment stage, but there was no interaction between log position and treatment stage. 

The influence of log position on board modulus of elasticity and its independence from 

the treatments applied during timber processing is a finding of considerable impact for 

the timber processing industry. It suggests that log selection prior to sawmilling could 
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increase the possibility of obtaining timber of higher stiffness, thus reducing the large 

costs associated with board drying, storing, treatments, and dressing. In this study, logs 

sourced from the bottom of the stems delivered boards of lower stiffness and values did 

not change considerably after board treatment and processing. During the treatment 

stages there were significant changes in the modulus of elasticity of the boards. There 

was an increase from the green to the dried stages (air-dry and kiln-dry), but after the 

dressing stage modulus of elasticity was not significantly different from the values 

measured at the green stage, when boards were freshly sawn. The apparent increase in 

modulus of elasticity during the drying stages is due to the impact on moisture content of 

boards, which affects both AWV and timber density (Moreno Chan et al. 2011).  

We tested differences between modulus of elasticity measured through AWV and actual 

modulus of elasticity measured through mechanical testing, which we used as a 

benchmark test of the actual structural properties of the boards. We found that modulus 

of elasticity measured through AWV at the green or dressed stage did not significantly 

differ from the actual board modulus of elasticity, a finding consistent with that on other 

Eucalyptus species (Nocetti et al. 2017). When modulus of elasticity is measured through 

AWV it is recorded as dynamic modulus of elasticity (MOEdyn), which differs from actual 

modulus of elasticity measured through mechanical testing, recorded as static modulus 

of elasticity (MOEstat). Usually, lower values of modulus of elasticity are found when 

measured as MOEstat in respect to MOEdyn, due to the nature of the measurement, where 

the static modulus of elasticity is recorded through mechanical bending tests, and the 

dynamic measurement is through the use of stress waves exerted into the timber 

(Standards Australia 2007). MOEdyn is also influenced by the density of the sample, which 

in the earliest stages of processing is higher due to a larger moisture content in the 

timber. At the dressed stage, with the samples being tested at the same moisture content 

and density, we found very consistent values between the two measurements (MOEdyn 

and MOEstat). The accordance between the AWV method and the mechanical testing again 

demonstrates the reliability of the former in detecting the stiffness of the boards. We 

modelled the relationship between MOEdyn measured at each stage and MOEstat, finding 

strong and significant correlations between the two measurements. Our results concur 

with previous research on differences among measurements for modulus of elasticity on 

boards (Wang et al. 2008, Liang & Fu 2007), where dynamic modulus of elasticity 

measured through acoustic waves provides great reliability in measuring stiffness which 

would otherwise be tested through more cumbersome mechanical testing. 

5.4.2 Grading Systems 

Currently, dressed boards require appropriate grading to be classified into structural 

grades, and our study has compared traditional visual-stress grading (VSG) to the grading 

of boards via AWV. Visual-Stress Grading was designed to grade native timbers and does 

not account for species grown in plantation settings. The latter, such as the widely grown 

E. nitens, present features which are classified as impermissible in the VSG system (as 
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large number of knots or checks) and this renders the boards to be down-graded, while 

their actual stiffness might be suitable for high-grades. Visual-Stress Grading of the 

boards in this study led to a large classification error (82.5%) with most of the boards 

being under-graded. 

This result is aligned with previous research on the same species (Derikvand, 

Kotlarewski, Lee, Jiao, Chan, et al. 2019) although with a more pronounced classification 

error. The boards utilized in this study developed rot signs during the processing, which, 

although not impacting the structural properties, have affected the classification of the 

majority of the boards as under-grade, according to the Australian Standard, where there 

is little allowance for signs of rot in structural boards (Standards Australia 2007). This 

led to a large number of boards being allocated to the under-grade class (UG) (39.2%), 

which according to the actual modulus of elasticity of the boards should have been placed 

in other categories. The downgrading of the boards to the UG class alone led to a 

classification error of almost 36%. Other characteristics, including presence of major 

knots and checking, severely impacted the classification of the boards, placing the 

majority of stiffer boards into low-grade categories, due to the restrictions in knot size 

and checking presence in the standard. These features might not actually impact the 

modulus of elasticity of the timber, and in fact, we found that the average modulus of 

elasticity of boards as classified through VSG was not different among grades. This result 

is concerning, as it highlights that applying VSG to plantation timber not only misclassifies 

boards either by down-grading or over-grading, but does not actually produce any 

meaningful grade classification. Other authors have found poor relationships between 

knots-related parameters and structural properties as bending strength and stiffness 

(Piter et al. 2004a, Nocetti et al. 2017) in E. grandis timber, finding confirmed in our study 

that further stresses the limited use of this parameter for eucalypt timber grading.  

Boards of higher grades such as F22 and F17 are sought after for construction purposes 

and need to adhere to a minimum stiffness threshold to be used in buildings. Hence, they 

are priced differently than lower grades, which might be utilized for other, non-structural 

purposes. Grading of timber needs to be applied with a standard that takes into account 

the silvicultural history and the characteristics of the timber, and VSG was originally 

designed for native timbers grown in remarkably different settings than plantations. 

Thus, the problem of how to classify plantation timber needs careful consideration to 

encourage use of these timbers for construction purposes, as it has been found in other 

species relevant for the construction market (Piter et al. 2004b). We tested the use of 

AWV as an alternative grading method, obtaining a considerably lower classification 

error (45.2%), with 22% underestimation of grade and 23.5% overestimation. This result 

is mostly due to the agreement between the modulus of elasticity tested through AWV 

and the actual stiffness of the boards, of which the relationship explained almost 70% of 

the variability in boards’ actual modulus of elasticity. While 30% of the variation remains 

unexplained, this may be a suitable way to classify plantation E. nitens sawn boards. We 

accounted for features which are originally important in VSG, such as the presence of 
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major knots and checks, and although they were correlated with board modulus of 

elasticity, they did not contribute to an increase in the predictive power of the model of 

modulus of elasticity measured through AWV and actual modulus of elasticity, a finding 

noted also on other species (Vega et al. 2012). 

Using the model developed only with modulus of elasticity tested through AWV we re-

classified the boards, obtaining a final classification error of 43.3%, with more boards 

being underestimated in their grade than overestimated (18.3% over-estimation and 

25% underestimation). From an operational perspective there might be an advantage to 

under-grade the boards rather than over-grade, thus avoiding false attribution of boards 

to a higher stiffness category in respect to the actual stiffness value (Derikvand, 

Kotlarewski, Lee, Jiao, Chan, et al. 2019). This result showed that acoustic measurements 

not only can be used as a classification tool for structural boards, but will achieve better 

results than the traditional visual stress grading method. Future research might focus on 

studying how features important for structural board use can be accounted for in a 

combined VSG and AWV grading method, including more features or other 

characteristics, to achieve the best results with minimal classification errors and 

satisfying the requirements of engineers and designers who would have to use the timber 

in structures.  

5.5 Conclusion 

This study presents novel findings on grading and structural properties of plantation E. 

nitens sawn boards. We found that board stiffness is significantly impacted by the 

position of the log in the stem, as well as by the treatment applied to the boards. Boards 

originating from logs at the bottom of the stems presented significantly lower stiffness, 

with boards of higher stiffness found in the middle part of the stems. Stiffness tested 

through AWV is a reliable measure, being highly and significantly correlated with the 

actual stiffness measured through mechanical testing, and can be used as a grading tool 

as early as the stage of log breakdown at the mill. A priori log selection would allow for 

only the best logs to be allocated for sawing, and after sawing only the best boards could 

be directed for further processing. Once dried and dressed, the grading of boards needs 

to take into account the peculiarities of the species grown in plantation settings, which 

render the traditional visual-stress grading system unsuitable for grading plantation 

hardwood timber. We found that AWV -based grading can be used as an alternative with 

remarkably low classification error. This study showed how early timber selection can 

improve the yield of structurally stiffer timber through fast and reliable NDT methods, 

which can also be used as grading tools, providing insights on possible methods which 

can be implemented in future grading standards and upscaled to industrial timber 

processing on the production lines of saw millers. 
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Chapter 6 Wood Property Characterisation of Thermo-

Hydro Mechanical Treated Planted and Native 

Tasmanian Timber Species 

6.1 Introduction  

Increasing demand for wood and wood-based products for construction is stimulating 

the use of fast-growing species to supplement and replace the more classical use of native 

forest species (Payn et al. 2015). The area of planted forests has considerably increased 

in recent years, with plantations covering approximately 291 million ha in 2015 (FAO 

2015), allowing increased availability of fast-growing timbers to supply market demand. 

The species most commonly found in plantations are pines and eucalypts, covering 42% 

and 26% of the global planted areas, respectively (Binkley et al. 2017). In Tasmania, the 

most commonly planted species are shining gum (Eucalyptus nitens H. Deane and 

Maiden), native to Australia, and radiata pine (Pinus radiata D. Don), native to California, 

but extensively planted in temperate areas of Australia. Planted eucalypt species, which 

are grown for short rotations mainly to produce fibre for the pulp and paper sector, 

present lower density and different wood properties than their native counterparts—

characteristics that might hinder their full deployment as structural products or 

engineered wood products (EWP) (Derikvand, Kotlarewski, Lee, Jiao, & Nolan 2019). 

Concerns regarding important mechanical properties such as strength, hardness, 

dimensional stability, and durability of timbers have encouraged the adoption of wood 

modification treatments and processes (Hill 2006, Lesar et al. 2013, Popescu et al. 2014, 

Sandberg et al. 2017). Ecologically sustainable wood treatment options, avoiding the use 

of chemicals to preserve the timber, can benefit from the combined effects of 

temperature, moisture, and pressure to compress the timber and improve its properties 

and stability (Sandberg et al. 2013a). These thermo-hydro mechanical (THM) treatments 

evolved from the combination of heat treatments and densification of wood through 

compression (Hajihassani et al. 2018). Densification treatments have been a focus for 

decades as wood density is considered one of the most important properties for 

structural timber and EWP. High-density species are sought for construction purposes 

and treatments that contribute to its enhancement are favoured. 

There are several advantages of the use of THM treatments as wood treatment processes. 

For example, resistance to decay is improved by application of high temperatures (Pelit 

& Yalçın 2017), which has been largely employed for thermally treated wood (Candelier 

et al. 2016, Kamperidou 2019). The treated wood presents enhanced hygroscopicity due 

to the degradation of hemicellulose; a process that reduces the water absorption of wood 

(Bao et al. 2018) where effects are species-dependent according to the chemical 

composition of the timber (Pertuzzatti et al. 2018). However, mechanical properties tend 

to be reduced under heat treatments alone (Guo et al. 2014). The addition of wood 
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compression is an excellent combination to preserve and enhance important structural 

properties; the use of steaming and heating reduces the set-recovery of the modified 

timber, a phenomenon that occurs when timber is re-exposed to moisture and tends to 

recover the deformation created during the compression treatment. Hence, through 

reduction of the shape recovery of the treated wood, the effects of densification are 

stabilised (Kutnar & Sernek 2007, Kutnar & Kamke 2012, Bao et al. 2017). The superior 

mechanical properties and increased durability are desirable for applications such as 

engineered wood floorings (Zhou et al. 2019) and have generated interest for 

industrialisation of THM-treated material and improved processing options 

(Sadatnezhad et al. 2017, Kutnar & Sandberg 2015). 

The modification of timber species originating from plantations has received 

considerable interest in Europe for species such as poplar (Bao et al. 2017, Kutnar et al. 

2008, Rautkari et al. 2011), softwoods (Boonstra & Blomberg 2007, Li et al. 2013), and 

some eucalypt species (Pertuzzatti et al. 2018, Unsal et al. 2011, Maximilian Wentzel et 

al. 2019). Given the major representation of E. nitens and P. radiata in timber plantations, 

an understanding of the consequences of THM treatments on these species is warranted. 

To our knowledge, little to no research has examined the use of THM treatments to 

densify fibre-grown E. nitens, nor have the effects of the treatments been studied in 

comparison to other species such as P. radiata, or native-grown eucalypts. Given the 

positive effects of TMH treatments on other fast-growing species, there is much interest 

in understanding their suitability to modify eucalypt and pine plantation timbers. Such 

information would support the exploration of densification to enhance the properties of 

those fast-growing species, providing opportunities to increase their use in structural 

products. 

The aim of this study was to investigate the effects of wood modification treatments 

(THM treatment and THM and preheating treatment) on timbers from the two plantation 

species (E. nitens and P. radiata), grown under different regimes, and on a mixture of 

native forest-grown eucalypt species commercially known as Tasmanian oak. We were 

interested in understanding the changes in density and mechanical properties due to the 

wood modification treatments on the fast-growing, short-rotation plantation hardwood, 

on the planted softwood, and on the slow-grown, long-rotation native hardwood, and in 

comparing the effects of the treatments across the wood types. The objectives of the study 

were to (i) quantify the change in basic density and mechanical properties (stiffness, 

strength, and Brinell hardness) within each species due to the treatments, (ii) compare 

that change across the species, and (iii) examine and compare across species the 

characteristics of the wood species after the treatments in terms of compression degree, 

immediate springback, mass loss, set-recovery after soaking, dimensional changes, 

mechanical properties, and Brinell hardness. Finally, (iv) we were interested in exploring 

the correlation between the mechanical properties and final density for each wood 

species. The characterisation of the treated timbers will inform the feasibility of using 
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fast-growing plantation species as a substrate for high-quality engineered wooden 

floorings of other EWP. 

6.2 Materials and Methods 

6.2.1 Material 

The wood material used in the study were kiln-dried and planed lamellae of three 

Australian commercially important species: plantation fibre-grown shining gum 

(Eucalyptus nitens H. Deane and Maiden) managed for fibre production, plantation-grown 

radiata pine (Pinus radiata D. Don) managed for saw-log production, and native-grown 

hardwood timber of the commercial brand Tasmanian oak (which comprises wood from 

any of three closely related native eucalypt species: E. regnans F. Muell, E. obliqua L’Hér, 

and E. delegatensis L’Hér). We chose samples harvested and milled according to 

conventional practices that represent timber commercially grown for production of 

structural products. Forty samples per species were used, of which ten per species were 

used as control samples. The samples were a mixture between quartersawn and 

transitional/backsawn cuts, with growth-ring orientation ranging from perpendicular to 

parallel to the wide face of the lamella. The samples were kept in a conditioning chamber 

at relative humidity (RH) 65% and 20 °C before transportation to the laboratory. 

6.2.2 Thermo-Hydro Mechanical (THM) Treatment and Preheating Treatment 

The THM treatments and the tests were carried out at the InnoRenew CoE laboratories 

in Izola and Koper, Slovenia. Thirty 325 mm (L) × 45 mm (T) × 8 mm (R) samples per 

species were densified under THM treatment in an open-system process using a 

hydraulic, 30-ton capacity Langzauner “Perfect” LZT-UK-30-L model hot press 

(Langzauner Gesellschaft m.b.H., Lambrechten, Austria) equipped with a water-cooling 

system. The press plates were preheated to 170 °C, samples were inserted between the 

two plates and enclosed for a cycle of 30 min, during which a mechanical pressure of 300 

kN was applied in the press. At reaching target thickness, the specimen was held at 170 

°C for three min and the temperature was increased to 200 °C. When the temperature of 

200 °C was reached, the plates were cooled under compression to 60 °C before opening 

the press. For the Tasmanian oak samples, a preheating treatment at 100 °C for 30 min 

was applied before the THM treatment to reduce the moisture content of samples to avoid 

bursting the samples during the THM treatment. 

6.2.3 Physical Tests 

The thickness of the samples was measured before treatment and again immediately 

after. Samples were compressed to the target thickness of 5 mm, and the compression 

ratio (CR), also known as target densification ratio, was calculated expressing the 

percentage of the target decrease in thickness compared to the initial thickness of the 

samples (Equation (1)): 
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𝐶𝑅 (%) =  
𝑇𝑜 − 𝑇𝑡

𝑇𝑜
 × 100 (1) 

where To is the original thickness (mm) and Tt is the target compressed thickness (mm). 

The actual densification was evaluated with the final achieved thickness Tc, which 

calculates the actual densification ratio (DR) on the entire densified lamellae, expressing 

the percentage decrease in thickness compared to the initial thickness of the samples 

(Equation (2)): 

𝐷𝑅 (%) =  
𝑇𝑜 − 𝑇𝑐

𝑇𝑜
 × 100 (2) 

The difference between compression ratio and actual densification ratio is due to the 

springback of the samples at the opening of the press, which measures the immediate 

recovery of thickness in the samples due to the phenomenon of shape memory effect of 

wood (Equation (3)): 

𝑆𝑝𝑟𝑖𝑛𝑔𝑏𝑎𝑐𝑘 (%) =  
𝑇𝑐 − 𝑇𝑡

𝑇𝑜 − 𝑇𝑡
× 100 (3) 

The compression degree (CD) (Equation (4)) to which the samples were densified 

measures the deformation caused by the treatment and serves as a measure of the 

increase in the density of the samples: 

𝐶𝐷 (%) =  
𝑇𝑜 − 𝑇𝑐

𝑇𝑐
 × 100 (4) 

The mass loss (ML) was calculated (Equation (5)) to account for the variation in sample 

mass due to the treatment: 

𝑀𝐿 (%) =
𝑀𝑜 − 𝑀𝑐

𝑀𝑜
× 100 (5) 

where Mo is the sample dry mass (g) of the conditioned samples (entire lamellae) before 

the treatment, and Mc is the sample dry mass (g) measured after the treatment. The Mo of 

Tasmanian oak samples was determined before the preheating treatment, as the samples 

were placed immediately into the press after the preheating, to avoid intake of moisture 

from the environment. 

Basic density and moisture content (MC) were measured following the oven-dry method 

according to AS 1080.1 and AS 1080.3 (Standards Australia 2000, Standards Australia 
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2012). Measurements were made on a 25 × 45 mm strip (Section A, Figure 6.1) cut from 

the sample prior to the treatment and from a second 25 × 45 mm strip (Section B, Figure 

6.1) cut from the sample after the treatment. From the same end, another 25 × 45 mm 

strip (Section D, Figure 6.1) was cut to perform the set-recovery and water absorption 

tests. The compression set-recovery (SR) determines the irreversible recovery in 

thickness of the THM-treated samples after soaking in water. Samples were first dried to 

0% moisture content, then soaked for 24 h in water at 20 °C and then oven-dried at 103 

°C for 24 h following the procedure described in Laine et al. (2013) (Laine et al. 2013). 

Dimensions and weights of the samples were recorded after soaking and at oven-dried 

conditions. SR was calculated using Equation (6): 

𝑆𝑅 (%) =  
𝑇𝑟 −  𝑇𝑐

𝑇0 −  𝑇𝑐
× 100 (6) 

where Tr is the oven-dried thickness (mm) after soaking. Water absorption (WA) was 

calculated using Equation (7): 

𝑊𝐴 (%) =  
𝑤1 − 𝑤𝑒

𝑤𝑒
× 100 (7) 

where w1 is the weight (g) after soaking for 24 h and we is the oven-dried weight (g) 

before immersion in water. 

The change in dimensions was accounted through the measurement of thickness swelling 

(TS), according to Equation (8): 

𝑇𝑆 (%) =
𝑇𝑠 − 𝑇𝑐

𝑇𝑐
× 100 (8) 

where Ts is the thickness (mm) of the saturated sample after soaking. 

 

Figure 6.1 Sample preparation and tests from cut lamellae : (A) pre-thermo-hydro mechanical 

(THM) treatment density and moisture content (MC) tests, (B) post-THM treatment density and 
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MC test, (C) modulus of elasticity (MoE) and modulus of rupture (MoR) tests, (D) set-recovery 

after soaking tests, and (E) Brinell hardness test. 

6.2.4 Mechanical Tests 

Stiffness of the control and THM-treated samples was measured through Young’s 

modulus in compression (MoE—modulus of elasticity) and strength through modulus of 

rupture (MoR), which were tested under a three-point bending arrangement. From the 

conditioned samples, a 150 × 15 mm strip was cut (Section C, Figure 6.1) and loaded in 

the Zwick (10 kN) universal testing machine (ZwickRoell, Germany) with the application 

of a load at a displacement rate of 7 mm/min. Tests were performed according to DIN 

52–192 1979 (DIN - Deutsches Institut für Normung 1979) on a loading span of 85 mm. 

MoE and MoR were obtained through the recorded strain–stress curves provided by the 

pre-calibrated Zwick software. Two E. nitens and three Tasmanian oak samples were 

damaged during the treatment; hence the final sample size for the mechanical tests of 

stiffness and strength on these timbers was lower than initially planned. MoE and MoR 

were tested on control samples under a similar arrangement, on a loading span of 128 

mm. 

Brinell hardness (HB) was measured on 45 × 50 mm control and treated samples (Section 

E, Figure 6.1) adapting EN 1534:2000 (CEN - European Committee for Standardization 

2000) and following the methodology developed by Rautkari et al. (2011) (Rautkari et al. 

2011). The test was performed keeping the indentation depth constant, given the low 

thickness of the samples, and the applied force was recorded. The test was performed 

with the Zwick universal testing machine using a steel sphere 11.28 mm in diameter and 

HB (N/mm2) was calculated using Equation (9): 

𝐻𝐵 =  
𝐹

𝜋 × 𝐷 × ℎ
 (9) 

where F is the force (N) exerted into the samples, D is the radius (mm) of the indenter, 

and h is the depth (mm) of the indentation. 

6.2.5 Statistical Analysis 

Statistical analyses were performed with the RStudio software (RStudio Team 2016). The 

normality and homogeneity of variance in the data were verified with Shapiro–Wilk and 

Levene’s tests, respectively. Datasets were inspected for outliers using the Tukey’s fences 

method (Tukey 1977), as well as visual inspection of plots and outliers that could 

significantly bias the testing. Four samples of Tasmanian oak that presented 

exceptionally high basic density values prior to the treatment were removed from the 

dataset. 
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Two-way mixed measures analysis of variance (ANOVA) was used to compare the means 

of the basic density of the three species, using species and treatment as factor variables. 

Two-way analysis of variance (ANOVA) was used to compare the means of the 

mechanical properties (MoE, MoR, and HB) of the three species on control and treated 

samples. To identify differences between species, multiple pairwise comparisons were 

used as post hoc tests. 

The differences across species in the properties after the treatment (CD, springback, ML, 

TS, WA, set-recovery) were evaluated with the Kruskal–Wallis test and the paired-

samples Wilcoxon test, as the assumption of normality or homoscedasticity were not met 

for any of these variables. 

Linear regression was used to model the relationships between structural properties 

(MoE and MoR) with the densities of THM-treated samples. All test results were 

compared with a significance threshold set at 0.01. 

6.3 Results and Discussion 

6.3.1 Densification of the Material 

Initial densities were 0.52 g/cm3 for E. nitens, 0.46 g/cm3 for P. radiata, and 0.61 g/cm3 

for Tasmanian oak. The initial density before the treatment was significantly different 

between the three species (F(2,82) = 22.6, p < 0.01). While the THM treatment 

significantly increased the density in all three species (Figure 6.2, Table 6.1) (F(1,82) = 

1143.1, p < 0.01), species response was different, showing a significant effect of treatment 

on the species (F(1,82) = 11.3, p < 0.01). E. nitens samples had the larger percentage 

increase in density (53%), compared to both the P. radiata and Tasmanian oak samples 

(respectively, 43% and 42%), and its final density of 0.80 g/cm3 was not significantly 

different to that of the Tasmanian oak samples (p = 0.57), which reached 0.89 g/cm3 on 

average. The density of P. radiata samples after the treatment was 0.66 g/cm3 on average, 

significantly lower than both E. nitens and Tasmanian oak (p < 0.01). 
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Table 6.1 Actual and target compressed thickness (mm), densification ratio (%), average values 

of oven-dry initial density , and final density after the THM (Thermo-Hydro Mechanical 

Treatment) (g/cm3). Standard deviation presented in parentheses (n = 30). 

Species 
Initial Thickness 

(mm) 

Compressed 

Thickness (mm) 

Densification 

Ratio (%) 
Density (g/cm3) 

 Target Actual Target Actual Target Actual 
Before 

Treatment 

After 

Treatment 

E. nitens 8.0 
8.17 

(0.14) 
5.0 

4.86 

(0.03) 
38.8 

40.5 

(1.19) 

0.52 (0.07) 

a 

0.80 (0.09) 

d * 

P. radiata 8.0 
7.99 

(0.25) 
5.0 

5.29 

(0.44) 
37.3 

33.8 

(5.84) 

0.46 (0.07) 

b 

0.66 (0.09) 

e * 

Tasmanian 

oak 
8.0 

8.44 

(0.65) 
5.0 

5.37 

(0.53) 
37.3 

36.2 

(6.81) 

0.63 (0.12) 

c 

0.89 (0.19) 

d * 

a, b, c letters denote significant differences within the group of species before the treatment; d 

and e denote significant differences within the group of species after the treatment. The asterisk 

indicates significant differences between the density prior to the treatment and the density after, 

per each species considered. All significant levels had p < 0.01. 

 

Figure 6.2 Density before (Pre-THM, left) and after the treatment (Post-THM, right) of the three 

species (black, E. nitens; dark grey, P. radiata; and light grey Tasmanian oak). The line on the bar 

represents the standard deviation. 
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After the THM treatment, the basic density of E. nitens was close to that of the native 

Tasmanian oak samples and surpassed the density of the other plantation species, P. 

radiata. These results suggest selection of timber for densification might be better based 

on the species, rather than on the initial density, which is usually low for fast-growing 

species. It is worth noting that the variance in density after the treatment of Tasmanian 

oak samples was higher than both that of E. nitens and P. radiata, suggesting that the 

response of the slow-growing species to densification was less consistent than that for 

the two plantation species. 

The target thickness was 5 mm for all the samples, hence the target densification ratios 

(CR) were 38.8% for E. nitens and 37.3% both for P. radiata and Tasmanian oak. The 

thickness was measured on the conditioned samples prior to the treatment and 

immediately after. The compressed thicknesses for the three species were on average 

4.86, 5.29, and 5.37 mm for E. nitens, P. radiata, and Tasmanian oak, respectively, 

indicating final densification ratios of 40.5%, 33.8%, and 36.2%, as presented in Table 

6.1. 

6.3.2 Mechanical Properties 

The mechanical properties of the samples are summarised in Table 6.2. MoE of the 

control samples were 13.41 GPa for E. nitens, 11.67 GPa for P. radiata samples, and 17.08 

GPa for Tasmanian oak samples, significantly different among the wood of Tasmanian 

oak and the other two species (p < 0.01) but not significantly different among the wood 

of E. nitens and P. radiata samples (p = 0.018). After the treatments, MoE of the lamellae 

was significantly different among all three wood types (F(2,82) = 25.2, p < 0.01). The THM 

treatment significantly increased the MoE only of E. nitens samples (p < 0.01), which 

reached an average of 17 GPa after the treatment; conversely the MoE of P. radiata THM-

treated samples was on average lower than that of control samples, indicating that this 

property was not improved due to the process. Tasmanian oak samples showed the 

largest improvement, from 17 GPa to almost 23 GPa on average, although the two values 

were not significantly different (p = 0.73). 
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Table 6.2 Modulus of elasticity (MoE, GPa), modulus of rupture (MoR, MPa) and Brinell 

hardness (HB, N/mm2) of the three species compared with values of the control samples. 

Standard deviation presented in parentheses (THM-treated samples: E. nitens n = 28, P. radiata 

n = 30, Tasmanian oak n = 27). 

Species MoE (GPa) MoR (MPa) HB (N/mm2) 

 
Before 

Treatment 

After 

Treatment 

Before 

Treatment 

After 

Treatment 

Before 

Treatment 

After 

Treatment 

E. nitens 13.41 (1.46) 
17.03 (3.56) 

* 

135.36 

(25.86) 
151.9 (45.3) 11.98 (3.03) 

23.22 (9.51) 

* 

P. radiata 11.67 (1.15) 
11.24 

(3.04) 

115.86 

(13.56) 

139.51 

(27.1) * 
12.27 (3.54) 

18.39 (6.56) 

* 

Tasmanian 

oak 
17.08 (1.05) 22.87 (9.62) 

165.94 

(5.17) 

144.07 

(97.22) 
12.92 (1.75) 

21.18 (7.75) 

* 

Significance levels shown for before and after treatments comparison: * p < 0.01. 

MoR of control samples was also significantly different among the wood of Tasmanian 

oak and the other two species (p < 0.01) but not significantly different among the wood 

of E. nitens and P. radiata samples (p = 0.068). After the treatments, MoR was not 

significantly different among the three wood types (p = 1). Eucalyptus nitens showed an 

increase in MoR, albeit not significant (p = 0.29), while for P. radiata there was a 

significant increase of this property (p < 0.05), reaching almost 140 MPa on average in 

THM-treated samples. MoR of THM-treated Tasmanian oak samples was lower than that 

of control samples, showing a reduction in strength after the treatment, results which 

might have been conducted by the preheating treatment on these wood samples. Similar 

results were obtained on P. elliotti and E. grandis by Pertuzzati et al. ( 2018), with only 

slight increases in MoE for the pine and MoR for the eucalypt species. In other thermal 

modification studies, eucalypt species have shown either slight increases in their 

mechanical properties, as for E. nitens (M. Wentzel et al. 2019), or decreases, as for E. 

grandis and E. saligna (Cademartori et al. 2015) and E. globulus (Knapic et al. 2018). 

During wood treatment, the thermal degradation of the chemical components of wood 

cells can offset the improvement of mechanical properties (Esteves & Pereira 2009, Ulker 

et al. 2012), rendering the wood structure more fragile. During the mechanical test, 

failure of THM-treated samples occurred suddenly, indicating an increased brittleness of 

the wood, while control samples under loading deformed constantly before breakage 

occurred. 
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The modified Brinell hardness method was necessary to evaluate thin lamellae, as it has 

been noted before how the hardness values depend upon the force applied during the 

test and on the standard adopted (Rautkari et al. 2011). The same method was used on 

control and THM-treated samples. The Brinell hardness was not significantly different 

among wood types either before or after the wood treatments. A significant increase in 

hardness was found for all three species (p < 0.01), with the largest increase displayed by 

E. nitens, reaching 23.22 N/mm2 on average, an increase of almost 94% compared to 

control samples. The lowest increase was displayed on P. radiata THM-treated samples, 

reaching 18.39 N/mm2 on average, while Tasmanian oak reached 21.18 N/mm2, albeit 

showing the largest hardness values on control samples. Similar values of Brinell 

hardness were found in Wentzel et al. (2019) for E. nitens samples grown in Spain, 

although the method employed for the test was different than the one used in the present 

study. Hardness is known to improve through densification, as it is influenced especially 

by the density of the surface layer (Kariz et al. 2017, Rautkari et al. 2013). In this work, 

the hardness of all three species was positively correlated with their basic densities after 

the THM treatment, although being only significant for Tasmanian oak samples (p < 0.01, 

R2 = 0.56, data not shown). 

  

Figure 6.3 Correlation graphs between MoE (a), MoR (b), and density of the samples after THM 

treatment (E. nitens in grey solid line and square dots, P. radiata in black dotted line and black 

dots, and Tasmanian oak in light grey dashed line and triangular dots). 

Bending properties of the three species studied and their densities after the THM 

treatment are shown in Figure 6.3 (a) (MoE) and Figure 6.3 (b) (MoR). The correlations 

between MoE, MoR, and post-THM density were positive and significant for all three 

species (Table 6.3). Regression models developed to predict final MoE and MoR 

considering initial densities are also shown. The increase in density also led to an increase 

in the MoE and MoR of the samples, and we hypothesised that the differences in the 
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increase are due to the anatomical structure of the wood and the orientation of the wood 

samples. 

Table 6.3 Prediction of structural properties for the densified material (E. nitens, n = 28; P. 

radiata, n = 30; Tasmanian oak, n = 27). 

Dependent 
Variable 

Species Linear Regression Model 
Coefficient of 

Determination 
(R2) 

p 
Value 

MoE (GPa) 

E. nitens 
𝑀𝑜𝐸 = −7.35 +  30.13

×  𝜕𝑃𝑜𝑠𝑡 𝑇𝐻𝑀 
0.47 *** 

P. radiata 
𝑀𝑜𝐸 =  −3.5 +  22.26

×  𝜕𝑃𝑜𝑠𝑡 𝑇𝐻𝑀 
0.36 *** 

Tasmanian 
oak 

𝑀𝑜𝐸 = −15.88
+  43.19
×  𝜕𝑃𝑜𝑠𝑡 𝑇𝐻𝑀 

0.78 *** 

MoR (MPa) 

E. nitens 
𝑀𝑜𝑅 = −127.29

+  345.17
×  𝜕𝑃𝑜𝑠𝑡 𝑇𝐻𝑀 

0.37 *** 

P. radiata 
𝑀𝑜𝑅 = −2.17 +  213.84

×  𝜕𝑃𝑜𝑠𝑡 𝑇𝐻𝑀 
0.42 *** 

Tasmanian 
oak 

𝑀𝑜𝑅 = −157.7
+  336.71
×  𝜕𝑃𝑜𝑠𝑡 𝑇𝐻𝑀 

0.44 *** 

*** denote p < 0.01. 

6.3.3 Compression Degree, Springback, and Mass Loss 

In this study, higher compression degrees (CD) were achieved with the two eucalypt 

species, as also illustrated in Gong and Lamason (Gong & Lamason 2007) and Pertuzzati 

et al. (Pertuzzatti et al. 2018). The largest compression degree was for E. nitens samples, 

which compressed to 68.2% of their thickness, followed by Tasmanian oak and P. radiata 

samples, with 58.3% and 52.1%, respectively (Table 6.4). There was significant variation 

in compression degree among species (ꭕ2(2) = 42.31, p < 0.01), while CD was statistically 

significant between E. nitens and both P. radiata and Tasmanian oak (p < 0.01), but no 

significant difference was detected between CD of P. radiata and Tasmanian oak (p = 

0.03). These results were influenced by the final thickness of the samples, which for E. 

nitens was less than the target thickness controlled by the mechanical stops; an outcome 

most likely influenced by the shrinkage of the samples under the high temperatures 

applied during the treatments. This additional shrinkage would have to be investigated 

further with a different target densification ratio. 
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Table 6.4 Average springback (%), compression degree (%), and mass loss (%) for the three 

species tested (n = 30). Standard deviation presented in parentheses (n = 30). 

Species Compression Degree (%) Average Springback (%) Mass Loss (%) 
E. nitens 68.2 a −4.52 c 2.42 (1.18) e 

P. radiata 52.1 b 9.57 d 3.60 (0.31) f 
Tasmanian oak 58.3 b 2.49 cd 4.13 (1.72) gf 

* Letters denote significant differences in the measurements within the group of species after the 

treatment. All significant levels had p < 0.01. 

The differences between the target and the actual densification ratio are due to the 

immediate springback occurring at the opening of the press, due to the stresses built up 

during the THM treatment. The shrinkage of the E. nitens samples led to a negative value 

on the calculated springback (−4.52%), while different values were found on P. radiata 

(9.57%) and Tasmanian oak samples (2.49%). The results for P. radiata and Tasmanian 

oak samples are in agreement with those found in previous studies (Gong et al. 2006, 

Laine et al. 2016) where higher CRs lead to a greater springback. Earlywood and 

latewood compress differently, and different amounts of latewood present in the native 

slow-grown Tasmanian oak samples in comparison to the plantation-grown P. radiata 

samples might have impacted their rate of compression and the structural changes of the 

timber. This would lead to further considerations in the treatment of plantation timbers. 

The springback was significantly different among the three species (χ2(2) = 36.87, p < 

0.01), while being statistically significant only for E. nitens and P. radiata (p < 0.01), 

finding most likely due to the negative values of the springback in the E. nitens compared 

to the large springback in the P. radiata samples. 

The P. radiata samples had the lowest compression degree and densification ratio but 

achieved the highest springback (Table 6.4). From the investigation of the densification 

ratio it appeared that the samples of this species had densified at different rates, an effect 

that might be due to the differences in initial densities of the samples. Furthermore, 

differences in springback of the samples are related to the amount of latewood present, 

as P. radiata is known to have significant differences in early and latewood density (Fries 

& Ericsson 2009). Detailed analysis was not made; however, it was noticed that samples 

with higher percentages of latewood undergo higher springback. 

The mass loss on the entire lamellae was significantly different among the samples (χ2(2) 

= 25.81, p < 0.01). Eucalyptus nitens samples had significantly lower mass loss than the 

other two species (p < 0.01), with an average of 2.42%, in comparison to P. radiata (3.6%) 

and Tasmanian oak (4.13%) (Table 6.4). The larger mass loss on Tasmanian oak samples 

is in line with previous research, in which it was found that eucalypt species (Eucalyptus 

grandis and Eucalyptus globulus) had larger mass losses in comparison to pine species 

(Pinus elliottii and Pinus pinaster) (Pertuzzatti et al. 2018, Esteves et al. 2006). Moreover, 

the higher mass loss of the Tasmanian oak samples might be related to the preheating 
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treatment applied on the wood, which had affected the moisture content of the samples. 

This should be considered for the development of future treatment protocols for this 

species. 

The variable level of mass loss in the samples might be explained by the differences in 

chemical composition of the wood, in which the substrates degrade in different ways; 

hemicellulose tends to be more subjected to degradation rather than lignin (Zaman et al. 

2007). During densification, water vaporisation contributes to the mass loss, which is 

followed usually at higher temperatures by the degradation of extractives, hemicellulose, 

and at the latest stages, lignin (Lovaglio et al. 2019). Eucalypt wood has less cellulose and 

lignin, and more hemicellulose than pine wood, which is also more susceptible to thermal 

degradation due to the higher presence of xylans (Alén et al. 2002). Moreover, there are 

differences in the amount of extractives that may have impacted the response of the 

species to the densification treatment. Growth rate and extractive concentrations are 

negatively correlated (Hillis 1968) and previous investigations have shown how younger 

eucalypt trees presented higher extractive contents than older ones (Morais & Pereira 

2012)— findings that support the hypothesis of a different amount of extractives in the 

planted E. nitens with respect to the slower-grown native Tasmanian oak samples. 

6.3.4 Dimensional Changes 

The absorption of water during the soaking treatment caused a dimensional change in 

the samples. The dimensional change and shape recovery after soaking and drying were 

significantly different among the three species studied (χ2(2) = 50.27, p < 0.01) (Figure 

6.4). While the two eucalypt species had similar amounts of swelling in thickness (almost 

30% for E. nitens and 24% for Tasmanian oak samples), pine samples exhibited 

significantly larger thickness swelling (p < 0.01), reaching more than 50%. The final 

thickness after soaking and drying of pine samples was 22% higher than that of the 

eucalypts. 
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Figure 6.4 Dimensional change of the samples in each state , before the treatment, at the target 

thickness, after the densification (both at initial 4% MC and at oven-dried 0% MC), after soaking 

and at the final soaked and dried thickness (mm). 

The major swelling of pine samples was due to their high rate of water absorption 

(99.2%), which was significantly different (p < 0.01) compared to the other two timbers 

(Table 6.5), relating to previous findings on the same species where similar rates of water 

absorption were found (Boonstra & Blomberg 2007). Samples of E. nitens and Tasmanian 

oak had moderate water absorption rates of 53.4% and 45.2%, respectively. In our study, 

the water absorption rate of P. radiata samples was extremely high for samples that 

achieved a densification ratio over 35%, suggesting that more compression (hence large 

densification) would induce a greater swelling ratio and water absorption volume for this 

species. 

Set-recovery values were different among species (χ2(2) = 55, p < 0.01), while being 

significant only for the pine (p < 0.01; Table 6.5). No samples achieved a full recovery, 

indicating that some of the structural changes induced by the THM treatment were 

permanent. The treatment combination of pressure, high temperature, and increased 

moisture is known to ameliorate the build-up of internal stresses that are the principal 

cause of the springback and set-recovery of the samples. This was confirmed in our study, 

also highlighting the differences in the recovery among eucalypt and pine species. 

Table 6.5 Average values of thickness swelling (%), water absorption (%), and set-recovery (%) 

of the three species . Standard deviation presented in parentheses (n = 30). 

Species Thickness Swelling (%) Water Absorption (%) Set-Recovery (%) 
E. nitens 30.0 (17.7) a 53.4 (10.9) a 27.5 (7.75) a 

P. radiata 50.1 (6.55) b 99.2 (16.5) b 75.5 (9.74) b 
Tasmanian oak 24.1 (14.8) a 45.2 (15.5) a 17.4 (5.83) a 

a, and b letters denote significant differences in the measurements within the group of species 

after the treatment. All significant levels had p < 0.01. 
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6.4 Conclusion 

In this study, samples of fibre-grown E. nitens, saw-log managed P. radiata, and native 

eucalypt species from Tasmania were treated under short-period thermo-hydro 

mechanical treatment and densified to a final thickness of 5 mm. The treatments 

successfully increased the basic density in all three species, with the major increment 

present on E. nitens samples (53%). The initial density of E. nitens prior to the THM 

treatment was significantly lower than that for Tasmanian oak. After the treatment there 

was no significant difference between the two species. Furthermore, the final density of 

the two eucalypt species was significantly higher than that of pine samples. This 

highlights the potential use of THM-treated fibre-grown E. nitens as a substitute for native 

eucalypt species (e.g., Tasmanian oak) in applications requiring high density materials, 

such as laminated floors. This is further enhanced by the higher availability and faster 

growth rate of E. nitens compared to native eucalypt species (Payn et al. 2015). The 

relatively lower density of the THM-treated pine samples makes this alternative less 

suitable to applications requiring high density materials when compared to the other two 

eucalypt species. 

The mechanical properties of stiffness and strength had different responses to the 

treatments, with an increase in stiffness only for the eucalypt timbers (E. nitens and 

Tasmanian oak samples) and a slight decrease for the P. radiata samples. There was no 

significant difference in the strength of THM-treated E. nitens and treated Tasmanian oak, 

which highlights the possibility of treating and deploying E. nitens timber for structural 

applications requiring stiff material. Additional testing will be required to further explore 

these opportunities. Strength was reduced after treatment only on Tasmanian oak 

samples. This will require further investigation as the current study highlights a possible 

impact due to the necessary preheating of this timber to avoid the bursting of the wood. 

The adapted Brinell hardness test revealed an improvement in hardness for all three 

wood types, with higher values for the eucalypt species compared to pine, and E. nitens 

obtaining the highest increment in hardness (+94%). For flooring applications, hardness 

is of large importance, and the high values obtained for the E. nitens samples support their 

suitability in such applications. Engineered wood products such as laminated floors 

require high-dimensional stability and elevated structural properties, and our study 

found that E. nitens THM-treated samples had higher performance than pine after the 

soaking and drying cycle, as well as presenting increases in all the tested mechanical 

properties, showing that the treatment was most effective for this species. 

This study demonstrated the effectiveness of THM treatments in increasing the density 

of plantation-grown timbers (E. nitens and P. radiata) and native eucalypt timbers, as well 

as affecting their mechanical properties. Appreciable differences between the species 

were shown and the application of the treatment on fibre-grown E. nitens wood showed 

promising results in wood properties. This finding might direct further investigations in 

the suitability of densification of low-density fibre-grown E. nitens for the production of 
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engineered structural products. Future investigation might focus on examining different 

degrees of densification and initial different preheating treatments, especially for the 

denser native timbers forming the Tasmanian oak samples. This initial study 

demonstrated the applicability of THM treatments on Australian timbers with 

satisfactory final results, which might be transferred for potential industrial processes 

and engineered timber applications. 
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Chapter 7 Discussion and Conclusion 

7.1 Introduction 

This thesis aimed to improve the understanding of properties and characteristics of fast-

growing E. nitens plantation wood and sawn timber to develop a segregation 

methodology and inform grading strategies for diversifying and improving the utilisation 

of this resource. 

To achieve this, it was necessary to take a holistic view of the forest and wood products 

production chain. This body of work shows that fast-growing E. nitens plantation wood 

has the potential to be used for sawn-timber products and that this potential can be 

achieved through (i) sourcing trees and logs from plantations with known high wood 

quality, (ii) segregating trees and logs with non-destructive testing (NDT) according to 

stiffness thresholds, (iii) grading logs with relevant characteristics to maximise the 

recovery of sawn timber, (iv) segregating sawn boards according to log provenance and 

stiffness and grading them using NDT and finally (v) where needed improving the wood 

quality and properties of the timber through wood modification treatments. 

This thesis highlights that it is paramount to integrate the assessment of wood quality 

along the production chain, and to understand how wood sourced from fast-growing 

Eucalyptus plantations can be directed towards the most suitable processing stream and 

utilised for different products. The major findings of this work will be discussed in detail 

below, in relation to addressing the three main questions at the start of the thesis: 

1. What are the factors influencing wood quality traits in fast-growing E. nitens 

plantation wood and sawn timber? 

2. How can a segregation methodology using non-destructive techniques be 

developed to diversify and improve the utilisation of E. nitens timber? 

3. How can planted E. nitens timber be graded and its structural properties improved 

for higher-value applications? 

7.2 Factors influencing wood quality traits in fast-growing E. nitens 

plantation wood and sawn timber 

The findings of this thesis demonstrate that different factors impact wood quality traits 

of fast-growing E. nitens plantation wood and sawn timber and that those impacts are 

mediated by the variability of the wood quality at different scales, from the plantation, 

through trees, logs, and sawn boards. 

Important wood properties for structural timber such as density and stiffness are 

influenced by a combination of factors, including environment and climate (Chapter 2). 

Extremes in temperature and precipitation, site elevation and site fertility influenced 

both basic density and stiffness of plantation grown E. nitens. These findings support 
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those from studies on other species (Lessard et al. 2014, Van Leeuwen et al. 2011, Ibanez 

et al. 2017, Sette Jr et al. 2016), and are in line with the findings of a recent study on the 

same species (Vega et al. 2021). Precipitation, temperature, elevation and site quality are 

all related factors, which affect wood properties and need to be considered holistically. 

Given that E. nitens density is influenced by the amount of water available in the 

environment, both due to precipitation and evapotranspiration rate during warm 

seasons (Wimmer et al. 2002, Drew et al. 2009), focusing on obtaining timber of higher 

density may result in trees with reduced growth and poor stem form. From observations 

in sites analysed in Chapter 2 affected by drought and low precipitation, as well as in 

higher elevation sites, the growth of the trees was negatively impacted, with lower 

increments in diameter and generally shorter trees presenting with poor stem form. In 

these cases, the increase in wood density is due to the slower growth rates at the sites 

with extreme conditions in temperature and/or less water availability, which causes the 

trees to develop tighter annual ring increments, resulting in denser timber. In more 

productive areas the growth was markedly higher, with taller and larger trees, which in 

turn had larger ring increments, resulting on average in low-density wood.  In more 

fertile sites larger volumes of timber can be obtained, although it might present lower 

stiffness, as found in Chapter 2. These findings demonstrate that the choice of the planting 

site should be linked carefully to production objectives.  

A central argument of this thesis is that variation in wood properties needs to be 

investigated at different scales, to understand how environmental, climate, site, tree and 

log factors impact the quality of timber, and how to use those as means of segregation. 

While effects of environment and climate act at the landscape level to affect wood 

properties over large plantation areas, the overall variation in tree density and stiffness 

was predominantly due to differences between trees rather than between sites (Chapter 

2), as found also for other species (J. Moore et al. 2009, Butler et al. 2017). This is further 

supported by the finding that eighty percent of the variation in log stiffness was due to 

individual tree differences (Appendix A). Furthermore, the wood quality of E. nitens logs 

depends on the within-tree variability, as is also the case for other tree species 

(Grabianowski et al. 2006, Merlo et al. 2014, Moore et al. 2013). Logs originating from the 

same tree present different traits and vary both in their external characteristics as well 

as intrinsic wood properties such as density and stiffness (Appendix A, Chapter 3, Chapter 

4, Chapter 5). When testing sawn timber, it was found that stiffness variation of the sawn 

boards was mostly caused by intra-log variability (70%) and between-trees variability 

(28%) (Chapter 3). The intra-log variability is due to the large radial and longitudinal 

variation in wood properties in the tree stems (Legg & Bradley 2016), which influences 

the properties and characteristics of a single piece of timber sawn from the logs. This was 

also demonstrated in other chapters, where stiffness, density and presence of knots in 

the sawn boards varied due to log position in the stem (Chapter 4, Chapter 5). These 

findings support the hypothesis of this thesis that to model, predict and understand wood 

quality variability in eucalypt plantations it is necessary to consider the effects of several 
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variables at different scales. Moreover, the factors discussed above contribute to a 

greater understanding and mapping of the wood properties of E. nitens timber at the 

plantation, tree, log and sawn timber scale and across production stages.  

Although some timber features are not displayed until the material is sawn, some 

properties can act as indicators of timber quality at the tree and log stages of processing. 

Chapter 2 reports the correlation of slenderness and wood stiffness in E. nitens, which is 

a response of the tree to prevent stem buckling (Watt, Moore, Façon, Geoff M. Downes, et 

al. 2006). Slender trees present a longitudinal decrease in diameter, resulting in more 

tapered logs with uneven form. In Appendix A it is noted that log taper was moderately 

correlated with the acoustic wave velocity of the logs (indirectly measuring the stiffness) 

and was used together with other variables in a model to describe variation in log 

acoustic wave velocity. Moreover, log taper influences the volume recovery of sawn 

timber (Chapter 4), given that a considerable amount of wood can be lost when the log 

form is uneven or tapers (Bennett 2014, Missanjo & Magodi 2015). Another important 

characteristic for timber products (structural or appearance timber) is the presence of 

knots in the timber, due to the habit of fast-growing Eucalyptus species to retain branches 

on the stem. On the sawn timber analysed in this thesis, there was a larger number of 

alive knots on boards sawn from top logs, and a larger presence of dead knots on boards 

originating from bottom logs (Chapter 4). This is in line with the growing habits of the 

trees, where green and living branches will be mostly present on the top part of the stems, 

and dead branches are retained on the bottom of the trees (Jacobs 1955). The presence 

of alive knots on the logs was significantly correlated with log acoustic wave velocity 

(Appendix A), as similarly found in other studies (Liang & Fu 2007, Jones & Emms 2010). 

This suggests that top logs deliver timber of higher stiffness due to a combination of 

factors such as slenderness, presence of green knots and increased wood density 

(Chapter 3, Chapter 4, Chapter 5). Moreover, it strengthens the hypothesis that to best 

utilise E. nitens timber, appropriate grading systems, which will not penalise the presence 

of knots, should be developed both for sawlogs and for sawn timber.  

7.3 Segregating E. nitens wood and sawn timber to diversify and 

improve its utilisation 

In this thesis, a methodology for segregating Eucalyptus plantation wood has been 

developed. It was found that to segregate fast-growing E. nitens plantation wood for 

structural products appropriate acoustic wave velocity (AWV) thresholds for trees and 

logs should be used, in combination with log position in the stem. Moreover, it was shown 

in the thesis that the choice of the type of segregation approach impacts the recovery of 

different products, such as pulplogs or structural sawlogs, as well as the recovery of sawn 

timber for high-quality grades.  

The scientific literature and industry research both show that it is difficult to know how 

to extract the best value from a planted resource given the large variability in internal 
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wood properties of plantations, trees and logs, and the requirements of final timber 

products (Moore & Cown 2015, Chauhan & Walker 2006, Murphy & Cown 2015, Sattler 

& Stewart 2016). Several studies have attempted to model important sawn timber 

properties such as stiffness, strength and density with different variables, and previous 

research has shown that non-destructive testing (NDT) techniques such as AWV can be a 

reliable indicator of stiffness properties (Schimleck et al. 2019, Legg & Bradley 2016). 

The use of AWV as an estimator of stiffness relies on moderate correlations between the 

stiffness of the final timber product and that of the tree or the log (Wang, Carter, et al. 

2007, Wang 2013). Although it has previously been suggested that  AWV could be used 

as a sorting tool (Blackburn et al. 2019b, Carter et al. 2006, Farrell et al. 2012), three 

major challenges were evident. The first was empirical in nature, relating to how to select 

relevant AWV thresholds for sorting high-quality trees or logs from lower quality ones. 

The other two consequential challenges were operational (1) on which levels of recovery 

of products might be achieved when sorting trees and logs with AWV, and (2) how the 

sorting procedures could be operationally implemented. These three challenges were 

addressed in this thesis. 

This body of work demonstrates in several chapters how AWV can be used as a significant 

aid in measuring the stiffness of trees across landscapes (Chapter 2), in logs (Appendix A, 

Chapter 3, Chapter 4), and sawn timber (Chapter 5). This information was used to 

investigate the first empirical problem. It was hypothesised that simple correlations 

between trees and logs AWV and timber stiffness would not be enough to provide 

adequate sorting thresholds, and it was further demonstrated in Chapter 3 that 

regression modelling also had low predictive power in detecting timber stiffness with 

tree or log variables, as found in a previous study on the same species (Farrell et al. 2012). 

Given that a large proportion of variability is due to board-to-board differences (intra-log 

variability) the modelling procedure proposed in Chapter 3 reflects this individual 

variability. Classification trees, which are machine learning algorithms, were used to show 

how trees and log variables can be used to classify the final population of boards into 

usable timber grades (Chapter 3). Acoustic wave velocity thresholds were indicated, 

which can be employed to sort trees and logs to obtain the largest share of high-quality 

timber grades. The identification of AWV thresholds led to the development of a 

segregation methodology that offers forest growers and log processors the choice of 

segregating trees or logs with AWV and log position as indicators – addressing the two 

operational issues. 

The proposed segregation methodology (Figure 3.6) can be incorporated into a 

procedure that would see different parts of the production chain in the forestry sector 

aligning their interest and capabilities in segregating the resource at different levels, 

according to the data available and the type of products (Murphy & Moore 2018). It was 

demonstrated in Chapter 2 that stiffness and density can be predicted both at the site 

level and individual tree level with different data sources. This information can be used 

to develop the first level of segregation at the plantation scale, where different coupes 
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(areas planted and harvested for wood production) are selected and their destination 

decided according to the quality of the trees and the desired product types. At the 

plantation scale, tree information can be integrated either during the pre-harvesting 

assessment or during harvesting when trees of high AWV and good form can be sorted 

from those with lower value, poor form, smaller dimensions. This segregation would lead 

to a minimum of two product types – high-quality logs for structural products and lower 

quality ones (Chapter 3). This can be either followed by log segregation at harvest or 

directly substituted with sorting of logs at the landing or on the mill yard (Tsehaye et al. 

2000b). Chapter 3 and Chapter 4 demonstrate that log quality can be investigated to 

predict the quality of the sawn timber, as well as the value and volume recovery of 

products. Log position, form, log external characteristics and stiffness can be used as 

indicators to grade and sort logs (Wang et al. 2013) for different product types; log quality 

and can be integrated into the segregation methodology developed in this thesis for a 

comprehensive log-evaluation method. Further, the findings of Chapter 3 show that logs 

of upper position in the stem would be stiffer, and results from Chapter 5 demonstrated 

that boards from those logs would be of high stiffness regardless of the processing of the 

timber. This shows that log segregation will have direct consequences on the quality of 

the timber products and can tip the balance between obtaining a homogeneous share of 

products or a larger share of high-quality material (Chapter 3). 

The segregation methodology developed in this thesis provides a baseline for the future 

implementation of segregation systems in planted E. nitens, and potentially for other 

species grown in plantations. A fully operational system, readily employable by the large 

variety of mills processing eucalypt logs, could be adopted following the evaluation of the 

cost-benefit balance. These evaluations would be facilitated by large data collection, both 

at the log harvesting and processing. Moreover, the methodology designed in this thesis 

can be employed for future operational studies, which might involve large numbers of 

logs and sawn timber. The number of sawlogs used for this study could be increased to 

make a more comprehensive evaluation of potential segregation scenarios, where other 

products, such as peeler logs, could be included. This would allow a complete evaluation 

of utilisation scenarios of the fast-growing Eucalyptus resources, increasing the potential 

uses of the plantation material. For a comprehensive cost-benefit analysis there are 

several points where future research might focus. Knowledge about the costs associated 

with the sampling and testing of a significant number of trees and logs is required, as well 

as a clear understanding of which stages in the production chain could optimally serve as 

segregation points, e.g. at the forest landing, or at the mill. A clear analysis of the market 

and end-users willingness to pay for a value-added product would be required, 

considering that fast-growing Eucalyptus plantation logs are just now entering the wood 

products market as a source of sawn timber, and a large number of local sawmills are still 

operating with milling lines suitable only for native forest logs.  
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7.4 Elements for grading and improvement of E. nitens structural 

products  

The findings of this thesis have shown that grading logs of fast-growing E. nitens 

plantations for structural products requires consideration of the end-use and that 

variables such as log stiffness (measured through AWV) should be incorporated into 

grading systems. Additionally, the findings indicate that current sawn board grading 

systems are not fit for purpose for plantation eucalypts and that elements such as AWV 

to measure stiffness, log origin, and sawn board features should be considered for the 

future development of rigorous grading standards.  

The use of AWV to assess the stiffness of timber products has been explored for different 

product types and several species (Legg & Bradley 2016, Wang, Carter, et al. 2007, 

Grabianowski et al. 2006, Dickson et al. 2003, Matheson et al. 2002), however, its use to 

grade plantation hardwood sawn timber has received limited attention. Timber grading 

is a procedure that allows the placement of products (veneers, or boards or others) into 

quality classes, and, while in Australia it has been standardised for native timbers, a 

grading system for fast-growing Eucalyptus plantation timber is missing both for sawlogs 

and for sawn boards. Current industry-based grading rules are used by a number of forest 

growers and wood processing companies to cope with the absence of a national-wide 

standard for hardwood plantation logs and sawn timber. Scientific research is needed to 

depict which log traits are impacting different product types and to which extent. The 

creation of a rigorous grading standard that might incorporate state-based or industry-

based grading rules for Eucalyptus logs grown in plantations would be highly beneficial 

to all industries involved in the growth and use of hardwood plantation timber, and 

several aspects which were investigated in this thesis could support the studies needed 

for such a standard.  

Log characteristics such as volume, taper, end-splits, number of live knots on the log 

surface, and log intrinsic properties such as stiffness (Appendix A, Chapter 3, Chapter 4) 

should be considered in the development of a log grading standard for fast-growing 

Eucalyptus plantation sawlogs, as they influence the recovery in volume and value of 

sawn boards. Log AWV data captured with NDT techniques can support this process and 

be included in log testing prior to or during milling, as it is in large softwood milling lines 

(E. g. Hyne Timber mill and Timberlink, Australia). A grading system for planted 

Eucalyptus sawlogs would include different grade classes according to the desired quality 

of the sawn timber, and those should reflect the impacts that log traits have on sawn 

boards. More importantly, it needs to be considered what the sawn boards would be used 

for. As discussed in the introduction of this thesis (pages 2 and 3), structural sawn boards 

to be sold as such or used into engineered wood products as cross-laminated or glue-

laminated timber have to withstand the stresses of a building structure, hence require 

stiff, dense and strong timber. Appearance products do not have the same requirements, 

as they need to fulfil performance criteria associated with the visible aspects of the timber 
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as colour and grain, and performance aspects as durability, dimensional stability, fire and 

acoustic performances. If the logs are to produce structural timber, they should be graded 

for stiffness, and different quality grades would firstly take into account the log AWV, 

then other traits impacting volume recovery of boards. Current log grading rules present 

restrictions on the number of knots present on the log surface, however, findings of this 

thesis have shown that almost all sawn boards present knots which might not be visible 

on the log surface (Chapter 4), hence such an indicator might be redundant on a 

plantation hardwood log grading standard. Although presenting a large number of small 

dead knots (Chapter 4), sawn boards milled from the bottom part of the stems could be 

utilised for feature grade appearance timber, and in this case, the log grade should 

consider log traits impacting board volume recovery (volume, taper, and end-splits), log 

position in the stem, and log appearance (in the number of large and visible knots on the 

log surface), however, stiffness would not be a concern. 

The findings of Chapter 5 show that AWV can also be employed directly on sawn boards 

as a segregation and grading tool right after log breakdown at the mill, or later when the 

timber has been dried and dressed to final size. This finding provides supporting 

evidence for the use of AWV testing, showing how a simple timber measurement can be 

used to place sawn boards into grade classes for structural timber (Dickson et al. 2004). 

Although board features are largely used to grade structural sawn timber with the 

traditional visual-stress grading system (Standards Australia 2007), Chapter 5 shows 

that this method not only is inaccurate but might also pose safety concerns. The use of 

such a system, originally designed and developed for native timbers, to grade plantation 

hardwood, which tends to present several features, leads to the discarding of large 

numbers of otherwise structurally sound boards; moreover, the application of visual 

stress grading to plantation hardwood does not achieve any useful outcome in grading 

the timber according to its actual tested stiffness, as also found by Derikvand et al. 2018. 

This leads to the misclassification of sawn boards which might not present the level of 

stiffness required for construction purposes (see Section 1.5.1). Conversely, AWV, as a 

direct indicator of timber stiffness, can be used to grade the boards without the inclusion 

of other visual assessments of features (Chapter 5).  

Early segregation and grading of sawn boards can lead to the recovery of a larger 

proportion of structurally stiff timber, by allowing only the best boards to go through 

time-consuming and expensive processing, inclusive of drying, reconditioning and 

dressing to final size. Although early segregation and appropriate grading of logs and 

sawn timber would allow the recovery of the best part of the fast-growing Eucalyptus 

resource, large amounts of structurally low stiffness timber might remain for other uses. 

In order to utilise these, other wood treatments can be applied on dried timber boards to 

increase their structural properties. Moreover, those treatments could also be applied to 

other product types, e.g. appearance grade panels, to modify the colour appearance, 

durability, and densify the wood surface. Thermo-Hydro Mechanical (THM) Treatments 

are a novel set of techniques combining pressure, temperature and humidity to modify 
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wood for different products and commodities (see Sandberg et al. 2013 for a 

comprehensive review). Although quite common for several species, including poplar, 

softwoods and some eucalypt species, previous studies on the effects of THM treatments 

on the fast-growing E. nitens wood were not evident in the literature. The findings of 

Chapter 6 show that the application of these techniques on E. nitens timber leads to a 

marked increase in wood density, which is accompanied by improvement in stiffness, 

strength and hardness, all important structural properties for several timber products. 

This study has shown how THM treatments can be applied to dried material and, in the 

future, milling lines might consider the inclusion of post-processing wood modification 

to increase the properties of fast-growing plantation timber, as well as improve its 

characteristics and durability. Accurate analysis of the costs associated with the 

acquisition and use of THM-treatment machinery should be undertaken and coupled with 

an analysis of the value add to the final products.  

Technologies available to scan and grade logs could be employed for future processing 

lines of large amounts of fast-growing Eucalyptus logs, and future research in this area 

might focus on integrating the information obtained from this thesis with data obtained 

with log scans. This would overcome limitations connected with the visual grading of 

logs, where only a limited portion of the log in a stack is visible, and the number of 

features to be recorded might be large.  

7.5 Implications and recommendations for industry and practitioners 

The work described in this thesis spanned the timber production chain from forest 

growers, log processors and timber users. The findings of this thesis allow not only a 

greater understanding of wood quality at different levels of analysis, but also inform the 

forest products industry about segregation, grading, and utilisation practices. These 

implications are discussed below, and a set of recommendations to the industry is 

provided. 

7.5.1 Implications for the forest products industry 

The large variability in wood properties of trees planted across different environments 

could be a factor of concern for forest growers and wood processors, however, there 

exists the opportunity to select plantations of higher quality and trees of desired stiffness 

and density among those. Information on precipitation, the temperature in the warmest 

season, elevation and overall quality of the site can be used by forest growers to develop 

growth models which will include an expected range of wood properties such as density 

and stiffness. These can be utilised both for planning of the next rotation and for the 

selection of appropriate areas to harvest for the desired product types. Moreover, the 

same wood quality information can be collected at the inventory stage through fast and 

reliable non-destructive techniques to inform forest growers and wood processors of 

wood quality variation and provide valuable data for wood quality models.  
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Log characteristics depend on the quality and features of the planted trees, as well as on 

the log harvesting and processing. Segregation practices could be implemented both by 

forestry companies and log processors. However, the development of an effective system 

that reflects the nature of the planted resource will depend on the integration of data 

available or purposefully collected from all parties in the forest products production 

chain. Transfer of information between forest growers, forest processors and timber 

users would support the development of appropriate log grading systems which could be 

utilised by forest growers for planning log availability, and log processors for log 

procurement plans, processing and milling.  

The features of logs and sawn timber can indicate issues such as log splitting, timber 

checking and the presence of undesirable features which need to be taken into 

consideration for log and sawn timber processing as well as for product manufacturing 

and end-use. The development of a novel and appropriate structural board grading 

system which would account for internal quality testing, such as stiffness tested non-

destructively, is important for the future use and application of fast-growing Eucalyptus 

plantation timber. Failure to account for the expectations of the end-users and the 

markets may lead to discrepancies in expectations between timber procurers and timber 

users, hindering opportunities for better utilisation of plantation timber.  

7.5.2 Recommendations for the forest products industry 

In light of the findings of this thesis, and the implications of those for the different 

stakeholders involved in the forest production chain, the following recommendations are 

provided to forest growers, wood processors and timber users. For the viable, 

sustainable, and most appropriate use of the planted E. nitens resource different aspects 

are considered: wood quality assessment and control, recommendations on the delivery 

of wood material, milling, processing and timber grading practices and recommendations 

on the transfer of data among and between stakeholders.  

7.5.2.1 Forest growers  

Wood quality control 

• Wood quality testing could be integrated into inventory practices, which currently 

include mostly growth variables such as diameter, height, tree form and 

dominance class. A sample of trees in the dominant, co-dominant and suppressed 

classes could be tested non-destructively for AWV and density samples could be 

collected. Resistance drilling techniques could be employed as an alternative to 

wood cores. This data could be used in wood quality modelling of the plantations 

as well as used in conjunction with growth models to evaluate how wood quality 

drivers (such as precipitation, drought, or site index) affect tree growth. Moreover, 

knowledge of the wood quality of forest stands could allow growers to estimate 

their value for different product types. 
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• At harvest, a sample of trees and logs at a site could be collected and tested for 

wood quality (for example, density and stiffness) with techniques such as AWV to 

gauge the stiffness of the logs, and collection of wood samples for density testing, 

or non-destructively with tools using resistance drilling techniques. This 

information could be stored for plantation quality information and employed to 

validate the models already developed with inventory data or to create new 

models for wood quality at harvest age.  

• Pre-harvest assessments should include wood quality testing for high-quality 

sites, to select and segregate trees of highest stiffness and density, and sort those 

directly for the production of sawlogs for high-quality structural timber 

applications.  

Log delivery and data transfer 

• Forest growers could use the information obtained through wood quality and 

growth models to develop plans for log procurement, to provide log processors 

and the wood market with information on the quantity and quality of the available 

resource. This can be integrated into annual plans for wood production which can 

be used for contract stipulation with log processors.  

• Log traceability practices could be developed (with techniques such as log-end 

barcodes, as an example) to allow log processors to have readily available 

information on the quality of the material delivered. Moreover, log quality 

information could be maintained through log processing and transferred to the 

wood products, meaning that the quality of the sawn timber or peeled wood could 

be linked to the properties of the logs delivered.  

• These data could be collected as standard practice and transferred between forest 

growers, log processors and vice-versa, to have a continuous stream of 

information on the type of material available from one side (forest growers), and 

the quality required from the other (log processors and timber users). This can 

support forest growers in understanding the performance of the genotypes 

planted, in adapting harvest methods, log-bucking practices, and log sorting at the 

forest landing according to what is required from the market. Moreover, a 

constant exchange of such information could allow forest growers to demonstrate 

and report on the value of their forest stands. 

7.5.2.2 Wood processors 

Wood quality control 

• Wood quality testing should be implemented at the sawmill or peeling mill as 

standard practice during or prior to log grading, and information on log quality 

should be transferred through to timber products. This would allow wood 

processors to understand if the log processed delivered timber products are of the 

required quality, or if log grading procedures should be revised and adapted. 
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Wood quality testing on logs and sawn timber is frequently implemented in large 

softwood mills, which examples and experience can provide valuable knowledge 

for future implementation in mills processing Eucalyptus planted logs.  

• The information acquired during and after log processing should be shared 

between forest growers and wood processors, in a process that could take the 

shape of scheduled reviews on the quality of the logs provided and that of the 

timber milled. The findings of this thesis show that some log traits are significantly 

impacting the volume and value recovery of sawn boards (log volume, position, 

log taper, presence of log end splits, log stiffness), while other traits do not have 

the same impact. This should be considered when pricing logs to produce 

structural products and when reporting on the quality of the milled timber. 

• Log scanners could be installed in new generation sawmills which would intake 

large volumes of logs. Current technologies allow for full log scanning through 

computed tomography, 3D grading and X-ray of logs to detect features and 

internal wood characteristics. These technologies can facilitate optimised log 

breakdown according to log characteristics providing the best volume and value 

recovery. 

Milling and processing practices 

• Log processing practices and sawmilling strategies would need to be adapted for 

Eucalyptus plantation logs which are smaller than native sourced logs, have been 

felled with different methods and might present several knots and surface 

unevenness.  

• Growth stress in the wood needs to be investigated at the log level, with research 

on log storage timing and practices, and possible procedures to lessen the 

occurrence of log splitting and board deformation. 

• Sawn board drying practices need investigation to develop drying schedules 

adapted to the characteristics of fast-growing Eucalyptus timber. The material 

sawn for this thesis did undergo an air-drying process of fourteen months, which 

culminated with reconditioning and kiln-drying. Collapse was removed mostly 

through planing of the board surfaces when the material was dressed. Trials using 

modified drying and reconditioning practices will inform alternatives for 

lessening the appearance of checking and board splitting, as well as limiting the 

impact of collapse.  

Timber grading and data transfer 

• Timber grading could be performed directly after sawmilling, through sawn board 

scanners (E.g. Microtec, scanning solutions, Italy) and, for structural grading, the 

simple employment of acoustic resonance testing could deliver fast and reliable 

information on the structural properties of the sawn timber. 
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• Log processors could align with timber users to determine which properties are 

essential and which are relevant for the end-use and performance of the timber. 

Log traits controlling those properties could then be included in log grading prior 

to breakdown, and board grading after milling.  

• Wood modification treatments could be employed to enhance the quality and 

properties of plantation timber. This could be implemented directly on the 

sawmilling line or through mills with wood modification machinery. Wood 

modification through THM treatments still requires timber of appropriate quality, 

hence a priori selection of boards to be modified needs to take place at the mill, to 

determine which batches of sawn boards could benefit from wood treatment. 

Further research on different wood modification schedules which will account for 

spring-back and set-recovery of the boards is needed prior to implementation of 

large wood modification plants.  

7.5.2.3 Timber end-users 

The acceptance and adoption of new products into the timber market determine the 

viability of a forest products industry. Timber architects, designers, and engineers could 

develop a greater awareness of the changing quality of the wood products, which do not 

reflect the characteristics of native timbers. Better alignment between forest growers, log 

processors and end-users would allow understanding about which types of material can 

be obtained from plantation logs, and their quality as well as features.  

The required quality of sawn timber to be used in mass-laminated structures could be 

standardised and methods for milling timber and accommodating features could be 

developed when required. In practice, this would result in standardised protocols of 

timber product types, grades, and characteristics, which are agreed upon and informed 

by timber users and timber processors.  

7.6   Conclusion 

This thesis has contributed to the body of knowledge on properties and characteristics of 

fast-growing E. nitens plantation wood and sawn timber, improving the current 

understanding of factors impacting important wood properties and on the variability of 

those at different scales. The findings of this thesis contribute to building confidence in 

the potential to use E. nitens as a source of structural products for the construction 

industry, providing information on how segregation of trees, logs and timber products 

might take place to obtain products of the desired quality. Moreover, findings on the 

information needed to grade logs and sawn timber contribute to the future development 

of grading standards which can be used by forest growers, log processors and timber 

users to communicate and share the information needed from each group in the 

production chain. The introduction of wood modification treatments for plantation 

hardwood provides possible alternative uses of the timber, providing an example of a 

feasible and innovative product type.  
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Appendix A. Evaluation of Non-Destructive Techniques and 

Visual Assessments to Grade Fibre-Grown 

Eucalyptus Logs for Structural Products 

Appendix A has been removed for 
copyright or proprietary reasons.

It is the following published article: 
Balasso, M., Hunt, M., Nolan, G., Jacobs, A., Kotlarewski, N., Jacobs, 
A., O’Reilly-Wapstra, J., 2019. Evaluation of Nondestructive 
techniques and visual assessments to grade fibre-grown 
eucalyptus logs for structural products, in: Proceedings, 21st 
International Nondestructive Testing and Evaluation of Wood 
Symposium. General technical report FPL-GTR-272. Presented at 
the 21st International Nondestructive Testing and Evaluation of 
Wood Symposium, U.S.D.A., Forest Service, Forest Products 
Laboratory, Freiburg, Germany, p. 542-548.
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Appendix B.1 

Table A.2 Pearson correlation coefficients at the tree-level between tree, climatic, environmental, and geomorphological variables of E. nitens fibre-

grown plantations in Tasmania, Australia. 

DBH H S 𝑬𝒅 𝝆𝒃 Age 𝚻𝒘𝒑 𝐏𝒘𝒑 𝐒𝐈𝟏𝟓 Rot C N pH Soil P Elevation Slope Aspect Lat Long BA/ha 
NT 

/ha 

NLT 

/ha 
QMD DH Gini SDI 

DBH 1 0.72* -0.36* 0.20* 0.19* 0.17* 0.04 0.12* 0.38* -0.03 0.12* 0.17* -0.04 0.10* -0.17* 0.08* -0.04 0.24* -0.21* 0.54* -0.08* 0.56* 0.55* 0.50* 0.14* 0.53* 

H 1 0.37* 0.41* 0.13* 0.24* 0.07* 0.24* 0.61* -0.01 0.07 0.16* -0.15* 0.18* -0.38* 0.02 0.00 0.47* -0.41* 0.64* -0.10* 0.70* 0.68* 0.87* 0.12* 0.64* 

S 1 0.26* -0.09* 0.11* 0.04 0.19* 0.29* 0.03 -0.04 0.02 -0.16* 0.10* -0.25* -0.07* 0.06 0.33* -0.27* 0.14* 0.01 0.19* 0.18* 0.50* 0.01 0.15* 

𝑬𝒅 1 0.33* 0.01 0.06 0.16* 0.15* 0.06 -0.01 0.03 -0.08* 0.18* -0.02 -0.01 0.14* 0.27* -0.08* 0.08* 0.01 0.17* 0.10* 0.33* 0.08* 0.09* 

𝝆𝒃 𝟏 0.01 0.36* -0.33* -0.09* -0.11* -0.29* -0.09* -0.04 0.14* -0.21* 0.10* 0.05 -0.12* 0.21* 0.0*6 -0.10* 0.10* 0.06* 0.09* -0.14* 0.04 

Age 1 0.10* -0.11* 0.05 -0.04 -0.05 0.07* -0.11* -0.04 -0.07* 0.01 -0.05 -0.01 0.06* 0.35* -0.02 0.22* 0.32* 0.29* 0.17* 0.33* 

𝚻𝒘𝒑 1 -0.64* -0.17* -0.05 -0.55* -0.11* -0.19* 0.31* -0.64* 0.01 -0.07* 0.03 0.38* -0.15* -0.22* 0.02 -0.13* 0.12* -0.14* -0.17*

𝐏𝒘𝒑 1 0.37* 0.27* 0.75* 0.48* -0.12* -0.17* 0.37* -0.17* 0.12* 0.64* -0.72* 0.27* 0.11* 0.17* 0.27* 0.18* 0.44* 0.29* 

𝐒𝐈𝟏𝟓 1 0.14* 0.29* 0.19* -0.03 0.17* -0.25* 0.08* -0.04 0.41* -0.54* 0.56* -0.04 0.59* 0.60* 0.65* 0.10* 0.56** 

Rot 1 0.26* 0.08* 0.00 -0.02 0.12* -0.15* 0.12* 0.29* -0.14* -0.01 -0.02 -0.08* -0.04 -0.08* -0.09* -0.02

C 1 0.64* -0.01 -0.12* 0.39* -0.12* 0.00 0.38* -0.52* 0.23* 0.00 0.13* 0.25* 0.02 0.34* 0.24* 

N 1 -0.29* -0.01 0.23* -0.12* 0.03 0.45* -0.22* 0.22* -0.13* 0.22* 0.25* 0.14* 0.51* 0.21* 

pH 1 0.01 0.14* 0.13* -0.14* -0.25* 0.05* -0.1*4 -0.04 -0.11* -0.14* -0.11* -0.11* -0.14*

Soil P 1 -0.20* -0.15* 0.02 0.01 0.05 0.08* -0.18* 0.22* 0.13* 0.20* -0.27* 0.07* 

Elevation 1 -0.09* 0.16* -0.14* 0.14* -0.09* 0.28* -0.25* -0.15* -0.42* 0.22* -0.07*

Slope 1 0.15* -0.21* 0.09* 0.07* 0.05* 0.12* 0.08* 0.11* -0.07* 0.08* 

Aspect 1 0.00 -0.04 -0.07* -0.18* -0.01 -0.04 0.04 0.02 -0.08*

Lat 1 -0.63* 0.24* -0.05* 0.36* 0.28* 0.44* 0.37* 0.25* 

Long 1 -0.34* 0.10* -0.37* -0.39* -0.35* -0.15* -0.34*

BA/ha 1 0.09* 0.83* 0.97* 0.69* 0.22* 1.00* 

NT /ha 1 -0.05 -0.13* -0.08* 0.02 0.14* 

NLT /ha 1 0.86* 0.76* 0.07* 0.83* 

QMD 1 0.73* 0.20* 0.96* 
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DH                        1 0.16* 0.69* 

Gini                         1 0.22* 

SDI                          1 

DBH: diameter at breast height; H: tree height; S: stem slenderness; 𝐸𝑑: Dynamic modulus of elasticity; 𝜌𝑏: basic density; Age: plantation age; Τ𝑤𝑝: maximum temperature of the warmest period; P𝑤𝑝: 

precipitation of the wettest period; SI15: Site index at 15 years; Rot: number of rotations; C: Carbon content in the soil; N: Nitrogen content in the soil; Soil P: Phosphorus content in the soil; Lat: Latitude; 

Long: Longitude, BA/ha: Basal area per ha, NT/ha: number of trees per ha, NLT/ha: number of large trees per ha, QMD: quadratic mean diameter, DH: dominant height, Gini: Gini coefficient of basal area, 

SDI: Stand density index 

(n sites = 52, n trees = 1524; Phosphorus analysis: n sites = 46, n trees = 1285). 

Significance level: * P < 0.05 

Appendix B.2 

Table A.3 Pearson correlation coefficients at the plot-level between tree, climatic, environmental, and geomorphological variables of E. nitens fibre-

grown plantations in Tasmania, Australia. 

 DBH H S 𝑬𝒅 𝝆𝒃 Age 𝚻𝒘𝒑 𝐏𝒘𝒑 𝐒𝐈𝟏𝟓 Rot C N pH Soil P Elevation Slope Aspect Lat Long BA/ha NT /ha 
NLT 

/ha 
QMD DH Gini SDI 

DBH 1 0.83* 0.20 0.21 0.22 0.32* 0.06 0.16 0.63* -0.08 0.18 0.25 -0.08 0.16 -0.31* 0.13 -0.10 0.38 -0.34* 0.88* -0.14 0.91* 0.91* 0.82* 0.20 0.87* 

H  1 0.71* 0.44* 0.14 0.27 0.06 0.24 0.69* -0.08 0.09 0.19 -0.18 0.20 -0.43* 0.03 -0.01 0.53* -0.47* 0.72* -0.11 0.80* 0.77* 0.98* 0.09 0.72* 

S   1 0.53* -0.05 0.09 0.02 0.27 0.38* -0.02 -0.04 0.05 -0.23 0.12 -0.33* -0.12 0.12 0.48* -0.39* 0.17 0.03 0.26 0.22 0.69* -0.02 0.19 

𝑬𝒅    𝟏 0.13 -0.02 0.07 0.25 0.19 0.05 0.00 0.04 -0.17 0.27 0.00 -0.06 0.20 0.38 -0.08 0.10 0.05 0.22 0.11 0.46* 0.08 0.11 

𝝆𝒃     𝟏 0.08 0.63* -0.58* -0.13 -0.16 -0.48* -0.11 -0.09 0.23 -0.37* 0.18 0.06 -0.20* 0.34* 0.15 -0.15 0.22 0.15 0.20 -0.19 0.13 

Age      1 0.11 -0.10 0.05 -0.06 -0.03 0.11 -0.10 -0.04 -0.06 0.06 -0.03 -0.03* 0.06 0.37* -0.03 0.24 0.34* 0.30* 0.21 0.35* 

𝚻𝒘𝒑       1 -0.68* -0.16 -0.04 -0.55* -0.09 -0.21 0.29 -0.63* 0.04 -0.05 0.01 0.38 -0.14 -0.23 0.03 -0.12 0.09 -0.12 -0.17 

𝐏𝒘𝒑        1 0.33* 0.23 0.74* 0.42* -0.09 -0.17 0.39* -0.18 0.11 0.60 -0.67 0.26 0.13 0.14 0.25 0.18 0.37* 0.27 

𝐒𝐈𝟏𝟓         1 0.06 0.28* 0.18 -0.04 0.19 -0.27 0.08 -0.07 0.40 -0.53 0.56* -0.04 0.61* 0.60* 0.65* 0.05 0.56* 

Rot          1 0.24 0.02 0.02 -0.03 0.12 -0.12 0.11 0.24 -0.08 -0.03 0.00 -0.11 -0.07 -0.13 -0.15 -0.04 

C           1 0.58* 0.04 -0.11 0.36* -0.09 0.01 0.35 -0.50 0.23 0.00 0.11 0.24 0.04 0.25 0.23 

N            1 -0.27 -0.01 0.18 -0.06 0.02 0.40 -0.16 0.22 -0.13 0.19 0.25 0.17 0.47* 0.21 

pH             1 0.03 0.16 0.09 -0.14 -0.27 0.00 -0.13 -0.06 -0.11 -0.13 -0.14 -0.13 -0.13 
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Soil P              1 -0.18 -0.15 0.03 -0.01 0.05 0.08 -0.18 0.21 0.13 0.19 -0.27 0.07 

Elevation               1 -0.08 0.15 -0.19 0.20 -0.10 0.30* -0.29* -0.17 -0.42* 0.22 -0.08 

Slope                1 0.12 -0.19 0.13 0.08 0.05 0.13 0.08 0.10 -0.08 0.09 

Aspect                 1 -0.02 -0.01 -0.11 -0.16 -0.06 -0.07 0.03 0.02 -0.12 

Lat                  1 -0.62* 0.25 -0.05 0.37* 0.29* 0.44* 0.29* 0.25 

Long                   1 -0.33* 0.10 -0.38* -0.38* -0.37* -0.07 -0.33* 

BA/ha                    1 0.09 0.83* 0.96* 0.69* 0.22 1.00* 

NT /ha                     1 -0.05 -0.13 -0.07 0.03 0.15 

NLT /ha                      1 0.87 0.78* 0.03 0.83* 

QMD                       1 0.74* 0.18 0.95* 

DH                        1 0.13 0.69* 

Gini                         1 0.21 

SDI                          1 

Pearson correlation coefficients between tree, climatic, environmental, and geomorphological variables of E. nitens fibre-grown plantations in Tasmania, Australia 

DBH: diameter at breast height; H: tree height; S: stem slenderness; 𝐸𝑑: Dynamic modulus of elasticity; 𝜌𝑏: basic density; Age: plantation age; Τ𝑤𝑝: maximum temperature of the warmest period; P𝑤𝑝: 

precipitation of the wettest period; SI15: Site index at 15 years; Rot: number of rotations; C: Carbon content in the soil; N: Nitrogen content in the soil; Soil P: Phosphorus content in the soil; Lat: Latitude; 

Long: Longitude, BA/ha: Basal area per ha, NT/ha: number of trees per ha, NLT/ha: number of large trees per ha, QMD: quadratic mean diameter, DH: dominant height, Gini: Gini coefficient of basal area, 

SDI: Stand density index 

(n sites = 52; Phosphorus analysis: n sites = 46). 

Significance level: * P < 0.05 

 

 




