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Section 2:  NZDFI Wood Quality 
Research Plan 

1 Background 
NZDFI aims to establish a new hardwood forest industry based on naturally durable eucalypts. NZDFI 

has identified sustainably-grown naturally durable posts and poles for the agricultural industry as 

key products as an alternative to CCA treated pine (Millen, 2009). For these products natural 

durability is essential. The timber of these eucalypt species also has a high Modulus of Elasticity 

(MoE). A second targeted product is high stiffness LVL. These products can be produced from short-

rotation smaller diameter trees. As these timbers also have attractively coloured heartwood, high 

quality appearance grade solid timber products are also a possibility if trees are grown on a longer 

rotation to a larger size.  

To ensure a quality product the variability in these properties can be reduced by genetic selection. 

Furthermore the trees must be easy to process, which requires trees with low growth-stresses and a 

low level of drying defects. NZDFI’s wood quality research programme addresses these problems to 

facilitate a viable hardwood forest industry based on naturally durable eucalypts. Some research 

work is financed through SWP (MBIE) while other work is funded through SFF (MPI) and other 

sources.  

Wood quality is a key research theme alongside other essential areas such as tree health, tree 

growth, propagation and forest management.   

2 Natural durability 
Wood is a bio-material and biodegradable. Biodegradability is a positive attribute when considering 

the disposal at the end of a product’s life. However, susceptibility of wood to decay by organisms 

can result in premature product failure. Biodegradation of wood is particularly rapid in moist 

conditions with ground contact – e.g. for wooden poles. The environment in which wood is used is 

described by Hazard Classes (e.g NZS3640:2003). The natural resistance of timbers against 

biodegradation is highly variable, while some timbers decay quickly others can withstand moist in-

ground conditions for a considerable time (e.g. Bootle, 2005; EN350-2; Scheffer and Morell, 1998). 

This property is referred to as (natural) durability and assessed by various national standards (e.g 

ASTM, 2005; AWPC, 2007; EN350-1). Unfortunately high natural durability is uncommon among tree 

species and those which are utilised are mostly rare and/or unsustainably harvested (UNEP, 2012).  
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As an alternative, the resistance to biological decay of non-durable timber can be improved 

technologically by modifying the chemical structure of the wood (Hill, 2006) or by impregnation with 

preservative of which there are numerous (e.g. Eaton and Hale, 1993; Goodell et al., 2003; 

Richardson, 1993). On an industrial scale the former is a more recent approach and achieves either 

only lower resistance (thermal modification) or is costly (acetylation). The latter is used extensively 

for decades but converts the bio-degradable wood into a toxic waste for which often no acceptable 

disposal option has been found (Graham, 2009; Read, 2003; Townsend and Solo-Gabriele, 2006).  

Biodegradation of wood can be separated into different types:  

Decay 

- Fungal decay (Schmidt, 2006) 

Numerous fungi are able to enzymatically decompose the chemical constituents (hemicelluloses, 

cellulose and lignin) from which wood is made. These fungi use the wood constituents as their 

energy source. Different types of fungal decay have been described (whit-rot, brown-rot, or soft-

rot). These differ in appearance and in the type of enzymes that decompose wood but in all 

cases the result is a complete loss of structural integrity, i.e. strength.  

A prerequisite for fungal decay is the presence of free water (and oxygen). This implies that all 

wood in air-dry (and water logged) conditions is safe from fungal decay. Fungal decay needs to 

be considered especially when wood is used in ground contact, for example as posts and poles. 

- Sap stain (Zabel and Morrell, 1992) 

Some wood-colonising fungi do not have the enzymes required to break down the structural 

wood cell walls (i.e. hemicelluloses, cellulose and lignin) but can feed on reserve materials, 

(mostly starch), present in sapwood. Therefore, heartwood is not affected by sap stain. These 

fungi do not compromise the structural properties of wood but do pose a hygienic issue and 

discolour the wood.  

- Bacteria (Clausen, 1996; Greaves, 1971) 

Bacteria have also been reported to enzymatically break-down wood components. This can 

occur in oxygen deficient environments. However, the process is slow and does not pose a 

significant threat to timber.  

 

Wood-degrading by insects 

- Wood-degrading beetles (Peters et al., 2002) 

Some beetles, like house borer’s (e.g. lyctids or anobiids) destroy wood mechanically by 

chewing. They are not able to feed directly on the cell wall components (lignin, cellulose and 

hemicelluloses) like wood decaying fungi. They usually digest the tree’s reserves (mainly starch) 

which are present in sapwood only. Some (e.g. ambrosia beetles) rely on symbiotic fungi to 

break down carbohydrates. Insects do not require the presence of free water and therefore 

sapwood is prone to attack in dry conditions. As a consequence use of sap wood inside buildings 

need to consider this threat. Some ants and other insects can cause similar damage. 

- Termites (Ahmed et al., 2004; Shelton and Grace, 2003) 

Termites also destroy wood mechanically. They, however, can also use wood as an energy 

source with the help of symbiotic bacteria present inside their body. Termites usually need soil 

contact but some species can build tunnels to reach above ground wooden structures. Termites 
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occur in tropical/subtropical regions and termite resistant woods are in high demand for 

construction in these parts of the world.  

Wood-degrading marine organisms (Cragg et al., 1999; Eaton et al., 1989; Nishimoto et al., 2015) 

Some molluscs (e.g. Teredinidae - shipworms) and crustaceans (e.g. Limnoriidae - wood lice) use 

wood as habitat and food. These species need to be considered when wood is to be used in 

marine constructions like piers. Only few timbers last a significant time in marine conditions. 

 

2.1.1 Natural durability of NZDFI species 

The natural durability according to the Australian standard “Timber – Natural durability ratings” 

(AS5604) for NZDFI species is listed in Table 1. This refers to timber harvested from old-growth 

natural forests in Australia, and can differ for timber from other sources including when it has been 

grown under short-rotation plantations in New Zealand. 

Table 1: Natural durability ratings of NZDFI species according to (AS5604) and heartwood colour (Bootle, 2005) 

Species Lyctid 
susceptibility 
of sapwood 

Termite 
resistance 
of 
heartwood 

In-ground 
life 
expectancy 
(years) 

Above-
ground life 
expectancy 
(years) 

Life 
expectancy 
in southern 
waters 
(years) 

Colour 

Eucalyptus 
bosistoana 

Susceptible Resistant >25a >40 21 to 40 Pinkish 
pale 
brown  

Eucalyptus 
argophloia 

Susceptibleb - - - - Orange-
brown to 
deep red-
brownc 

Eucalyptus 
quadrangulata 

Not 
susceptible 

Resistant 15 to 25 15 to 40 - Pale 
yellow 

Eucalyptus 
sideroxylon 

Susceptible Resistant >25 >40 41 to 60 Dark red 

Eucalyptus 
globoidea 

Not 
susceptible 

- 15 to 25 - 21 to 40 Pinkish 
pale 
brown 

a See (Cookson, 2004) 

b See (Cookson et al., 2009) 

c See (Anonymous, 2013) 

 

2.2 Basis for natural durability 
The large differences in resistance to fugal decay between timber species is predominately caused 

by its chemical composition, i.e. the secondary metabolites deposited in heartwood (Hawley et al., 

1924; Rudman, 1963; Schultz et al., 1995). The effect of wood density on fungal decay is less clear as 

higher density wood often coincides with a higher extractive content. But it has been reported that 
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density has a positive effect on decay resistance (Bush et al., 2011; Cookson and McCarthy, 2013; 

Edlund, 1998; Plaschkies et al., 2014; Sehlstedt-Persson and Karlsson, 2010; Wong et al., 1983; Yu et 

al., 2003). For mechanically caused damage from insects and marine organisms, wood density has 

been shown to have a significant effect (Peters et al., 2014). However, these results were based on 

observations between species and such large variation is not necessarily present within a species 

(Cragg et al., 2007). Other factors contribute to the natural resistance of wood to biological decay, 

for example pore size (Peters et al., 2002) or permeability (Bush, 2011).   

In most trees the wood in a stem changes from sapwood to heartwood some years after formation 

in the cambium (Hillis, 1987; Mishra et al., 2016; Rowe, 1989; Taylor et al., 2002). The first year rings, 

closest to the bark, are young and contain some living cells, which are referred to as parenchyma. 

This wood is defined as sapwood and contains reserve materials like starch. After a species specific 

period of years the reserve materials are removed from the older parenchyma and the parenchyma 

cells die. 

Following this transition the tissue is called heartwood and it starts forming at the centre of the 

stem. During heartwood formation some species synthesise numerous smaller organic compounds, 

which are deposited into the wood. These compounds are called heartwood extractives. Heartwood 

extractives are not a structural part of the wood cell walls, but some of the compounds are coloured 

or have bioactive properties. Therefore, heartwood of some species is of attractive colour and very 

resistant against biodegradation. Sapwood is never regarded as naturally durable (e.g. AS5604) or is 

coloured other than the typical pale brown (Kohl, 2012).   

Another important change in the wood properties with time is a decrease in permeability. The 

transport function of the tissue is removed to reduce risk of embolism by pit aspiration, tylosis or 

deposition of extractives. This is not necessarily coinciding with heartwood formation (Ziegler, 1968) 

but is thought to reduce the susceptibility for wood to biodegradation.  

 

2.3 Variability and control of heartwood traits 
Wood properties, including heartwood associated features, are variable within a species. This is of 

economic importance as timber products and wood processing benefit from consistent and 

adequate properties (Walker, 2006). Some of the variation in wood properties is under genetic 

control, enabling the selection of superior trees, i.e. trees which produce larger quantities of good 

quality timber. On top of variability between individuals, variation of heartwood extractives and 

natural durability within a stem was reported; with variation existing in both as characteristic spatial 

pattern as well as random local variations. Environmental parameters affect heartwood features. 

This is topic of a separate research plan around site-species matching and growth and yield 

modelling of NZDFI eucalypts.   

 

2.3.1 Within tree variability of heartwood features 

The natural durability of heartwood decreases towards the pith (Sherrard and Kurth, 1933; Taylor et 

al., 2002). This is recognised in relevant standards, for example (AS5604) stating that “… the inner 

heartwood (the first few growth rings around the pith), generally, has a lower natural durability than 
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the rest of the heartwood.”. The typical radial pattern of heartwood durability is mirrored by the 

amount of extractives in the stem (Sherrard and Kurth, 1933; Taylor et al., 2002). Additionally slight 

increases in heartwood durability were reported with stem height. This is in analogy to wood 

‘quality’ of juvenile pine corewood (Burdon et al., 2004), which generally has unfavourable 

properties for most applications.  

Additionally heartwood extractives can vary considerably in their abundance on a micro scale. For a 

durable product a homogeneous distribution within cells walls, between cell types (e.g. fibres, 

parenchyma) and within year rings is desirable (Taylor et al., 2002). On the other hand a variable 

extractive content can be the defining feature in the appearance of timbers like Microberlinia 

brazzavillensis (Kohl, 2012) or Dacrydium cupressinum.  

Preliminary results on the distribution of extractives in E. bosistoana confirm these general 

statements for the macroscopic (within stems) and microscopic (within year rings) distribution of 

extractives (Li and Altaner, 2015). 

 

2.3.2 Genetic variability of heartwood features 

Previous studies have reported on the variability and the degree of genetic control of heartwood 

features in various tree species (Table 2, Table 3,  

Table 4). The research on within tree variation is limited. However, substantial within species 

variation in durability has been recently reported. Although the durability of heartwood from young 

trees is generally lower than that of old trees, individuals having class 1 durable heartwood at young 

age have been reported (Bush, 2011; Palanti et al., 2010). Therefore the production of ground-

durable posts from young, short-rotation plantations should be possible by selecting a genetically 

superior resource.  

Preliminary results have found a wide range of extractive contents in heartwood samples of E. 

bosistoana. Extractive content varied between 1.5% to 15% (wt/wt basis) at age 4½ (McLaughlin, 

2013; Sharma et al., 2014), indicating that trees of good durability at a young age could be found.  

A recent study on the variability in heartwood traits of hybrid larches reported heritabilities of >0.65 

for heartwood diameter and extractive content (total phenolics) (Paques and Charpentier, 2015). 

Genetic gains of 10% in heartwood diameter and phenolics content were predicted. Furthermore, it 

was reported that the influence of female (European larch) and male (Japanese larch) parents 

differed between the traits.  

A good prospect for genetic improvement of E. cladocalyx heartwood quantity (%), methanol 

extractive content and durability was reported (Bush et al., 2011). The data did not indicate 

unfavourable genetic correlations between growth and durability. Similar results were found for 

other species (Table 2).  

Another heartwood feature determining the value of the timber is its colour. The genetic control of 

heartwood colour has been studied for several species (e.g. Gierlinger et al., 2004; Mosedale et al., 

1996; Moya et al., 2013; Rink, 1987).  
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Table 2: Studies on heritability of heartwood abundance 

Species Heritability Reference 

Eucalyptus cladocalyx 0.38 (Bush et al., 2011) 

Spotted gum (Corymbia spp.) significant (Bush, 2011) 

Eucalyptus grandis 0.39 (dos Santos et al., 2004) 

Pinus sylvestris 0.18 / 0.3 – 0.54  (Ericsson and Fries, 1999; Fries 
and Ericsson, 1998; Fries et al., 
2000; Harju et al., 2001) 

Larix x eurolepis 0.42 – 0.67 (Paques, 2004; Paques and 
Charpentier, 2015) 

Pinus radiata 0.22 / 0.98 (Kennedy et al., 2013; Kennedy et 
al., 2014; Nicholls, 1965; 
Nyakuengama et al., 2000) 

Eucalyptis obliqua  (Nicholls and Matheson, 1980) 

Cunninghamia lanceolata 0.35 – 0.43 (Duan et al., 2016) 

Sequoia sempervirens 0.4 – 0.5  (Meason et al., 2016) 

Eucalyptus globulus 0.3 (Miranda et al., 2014) 

Tectona grandis 0.02 / 0.70 – 0.77  (Moya et al., 2013; Narayanan et 
al., 2009; Solorzano Naranjo et 
al., 2012) 

Juglans nigra 0.4 (Woeste, 2002) 

Larix sibirica 0.22 – 0.39  (Venalainen et al., 2001) 

Pinus banksiana 0.23 (Magnussen and Keith, 1990) 

Eucalyptus globulus 0.23 – 0.31 (Miranda et al., 2014) 

Juglans nigra 0.56 (Rink, 1987) 

 

Table 3: Studies on heritability of heartwood extractives 

Species Heritability Reference 

Eucalyptus globulus 0.35 (Poke et al., 2006; Stackpole et 
al., 2011) 

Eucalyptus cladocalyx 0.25 (Bush et al., 2011) 

Larix x eurolepis 0.12 – 0.56 (Paques and Charpentier, 2015) 

Pinus pinaster 0.35 (Lepoittevin et al., 2011; Perez et 
al., 2007; Pot et al., 2002) 

Pinus sylvestris 0.3 – 0.9 (Partanen et al., 2011) 

Cryptomeria japonica  (Tamura et al., 2005) 

Abies sachalinensis  (Takashima et al., 2015) 

Pinus sylvestris 0.57 (Fries et al., 2000) 

Eucalyptus urophylla 0.28 (Denis et al., 2013) 

Pinus roxburghii 0.58 (Raj et al., 2010) 

Populus deltoides 0.99 (Klasnja et al., 2003) 

Pinus taeda 0.22 (Schmidtling and Amburgey, 
1982) 

Quercus petrea, Quercus robur strong (Mosedale et al., 1996) 
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Table 4: Studies on heritability of natural durability 

Species Heritability Reference 

Eucalyptus globulus 0.5 – 0.6  (Poke et al., 2006) 

Eucalyptus cladocalyx 0.13 (Bush et al., 2011) 

Picea glauca 0.21 – 0.27 (Yu et al., 2003) 

Tectona grandis 0.05 (Moya et al., 2013) 

Abies sachalinensis  (Takashima et al., 2015) 

Pinus sylvestris 0.02 / 0.37 (Harju and Venalainen, 2002; 
Harju et al., 2001) 

Larix sibirica 0.39 (Venalainen et al., 2001) 

2.3.3 Environmental influences on heartwood features 

Contradictory data on the influence of site quality in general as well as water availability or humidity 

have been published (Hillis, 1987; Taylor et al., 2002). Larger Eucalyptus globulus trees contained 

more heartwood independent of spacing (Miranda et al., 2009). Injury to and poor health of trees 

has been often associated with increased heartwood content in trees, however, the contrary has 

also been reported (Hillis, 1987; Taylor et al., 2002). 

Preliminary results indicate there are site effects on the amount of heartwood formed by E. 

bosistoana (Li and Altaner, 2016b).  

 

2.3.4 Heartwood extractives 

Little to nothing is known about the identity of the chemical compounds in heartwood of NZDFI’s 

eucalypts (E. bosistoana, E. argophloia, E. tricarpa, E. quadrangulata and E. globoidea). In former 

decades research on the chemical heartwood compounds of some durable eucalypts has been 

conducted (Hillis, 1991). In more recent times the research in this area focused on non-durable 

eucalypts, the species grown for pulp and paper, where low extractive contents are desirable (Swan 

and Akerblom, 1967). Table 5 gives an overview of heartwood extractive compounds identified in 

some durable eucalypts. Chemotaxonomy of eucalypts by heartwood (Hathway, 1962) and leaf 

(Hillis, 1966, 1967; Padovan et al., 2014) compounds has been explored. Bark and root extractives of 

eucalypts were also studied (e.g. Cadahia et al., 1997a; Dayal, 1982; Domingues et al., 2011). 

 

Table 5: Extractives present in some durable eucalyptus species  

Species Compounds Tissue Reference 

Eucalyptus 
wandoo 

 3,5,4'-trihydroxystilbene 

 3,5,4'-trihydroxystilbene-3β-
D-glucoside 
 

Heartwood 
 

(Hathway and Seakins, 
1959) 

Eucalyptus 
microcorys 

 cycloeucalenol Heartwood (Da Costa and 
Rudman, 1958) 

Eucalyptus 
sideroxylon / 
Eucalyptus 

 3,5,4'-trihydroxystilbene 
(resveratrol) (and cis isomer) 

 3,5,4'-trihydroxystilbene-3β 

Heartwood (Hart and Hillis, 1974; 
Hillis et al., 1974; Hillis 
and Isoi, 1965) 



8 
 

tricapa D glucoside (and cis isomer) 

 3,3’-di-o-methylegallic acid 

 3,3’-di-o-methylegallic acid 
glucoside  

 3,3’,4-tri-o-methylegallic 
acid  

 3,3’,4-tri-o-methylegallic 
acid glucoside  

 gallic acid 

 catechin 

 egallic acid 

 polymerised leucocyanidin 
 

Eucalyptus 
marginata 

 leucoanthocyanins 
 

Heartwood (Hillis, 1956) 

Eucalyptus 
citridora 

 trans-calamenene 

 T-muurolol  

 α-cadinol  

 β-hydroxy-acadinol  

 4-hydroxy-3,5-
dimethoxybenzaldehyde 

 4-hydroxy-3,5-
dimethoxybenzoic acid 

 linoleic acid 

 squalene  

 α-tocopherol  

 erythrodiol  

 morolic acid  

 betulonic acid  

 cycloeucalenol 

 cycloeucalenol vernolitate   

 β-sitosterol  

 β-sitosteryl-β-D-
glucopyranoside 

 β-sitostenone 

 yangambin  

 sesamin 
 

Heartwood (Lee and Chang, 2000) 

Eucalyptus 
astrigens 

 catechin 

 gallic acid 

 3,5,4'-trihydroxystilbene 
(resveratrol) 

 3,5,4'-trihydroxystilbene 
(resveratrol) glucoside 

 chlorogenic acid 

 polymerised ellagitannins 

 ellagic acid 
 

Heartwood (Hillis and Carle, 1962) 

Eucalyptus 
camaldulensis 

 gallic acid  

 vanillin  

Branch, mostly 
sapwood  

(Cadahia et al., 1997b; 
Conde et al., 1995) 
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 syringaldehyde 
sinapaldehyde  

 ellagic acid  

 naringenin  

 proanthocyanidin 
 

 

The heartwood compounds in a species are numerous (Hillis, 1987; Rowe and Conner, 1979), each 

molecule having different properties e.g. in bioactivity (Morris and Stirling, 2012; Ohtani et al., 

2009), colour (Balogh and Anderson, 1965; Takahashi and Mori, 2006; Zavarin and Smith, 1962) or 

interaction with glues (Wang, 1992). Furthermore the relative proportion of the individual 

compounds varies within a species (Daniels and Russell, 2007; Niamke et al., 2014). Therefore not 

only the absolute amount of extractives but also the extractive composition is important in respect 

to wood properties like durability and colour. As the biosynthesis of the individual compounds is also 

partly under genetic control (Fries et al., 2000) there are possibilities to further improve wood 

quality by breeding. A requirement is the identification of the key compounds in the heartwood for 

the NZDFI species.  

Individual extractives from heartwood or other tree tissues can also be of value themselves. 

Numerous reports are published on natural compounds to be used as natural wood preservative 

(Singh and Singh, 2012), in medicine or for other applications. For example a compound isolated 

from E. globoidea buds (Globoidnan A) has been found to be an inhibitor of HIV integrase (Ovenden 

et al., 2004). Recently the variability in the essential oils extracted from E. bosistoana leaves has 

been reported (Bouzabata et al., 2014). Tannins from eucalypts are other compounds of interest 

(Conde et al., 1997).  

Leaf chemistry (extractives as well as reserve carbohydrates) is linked to the susceptibility of trees to 

leaf defoliators. Managing and improving pest tolerance is essential for a successful establishment of 

a eucalyptus plantation estate. NZDFI’s work in this area is described in more detail in an associated 

research plan.   

2.4 Measuring heartwood /sapwood 
The amount of sapwood and heartwood in a tree can have a marked impact on its value. In the case 

of naturally durable NZDFI species high heartwood content is desirable. However, sapwood is the 

desired part of the stem for pulp production and other wood manufacturing processes as heartwood 

can drastically increases processing costs (Pereira et al., 2003). Sapwood width is also a key factor for 

understanding water balances of forest plantations (Kumagai et al., 2005), increasingly under the 

focus in a changing climate and intensified agriculture. Therefore measuring the sapwood width in 

standing trees is not only of interest for research purposes but also for quality control in production 

forestry in a variety of settings. Unfortunately assessing sapwood depth in standing trees is not 

trivial.  

It is possible to detect heartwood and sapwood on extracted cores. This can be difficult for some 

species which do not have marked colour or moisture content differences between sapwood and 

corewood. Colour stains are available to highlight heartwood or sapwood (Hillis, 1987). Alternatively 
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microscopy, X-ray tomography or NIR (near infrared spectroscopy) have been used to detect the 

heartwood sapwood boundary in cores (Pfautsch et al., 2012).  

A transportable magnetic resonance imaging system has been developed, which can measure sap 

flow in trees non-destructively (Jones et al., 2012). In its current form portability (size and weight of 

the equipment) and the limitations to stem diameter (<20 cm) prevent this tool to be used more 

widely.   

Recently electrical resistivity tomography has been found useful to detect sapwood in standing trees 

non-destructively (Wang et al., 2016). The reported accuracy of the method has been questioned for 

eucalypts (Pfautsch and Macfarlane, 2016) and the need of multiple sensors limits its usefulness for 

fast assessment of many trees for quality control of plantations or breeding trials.  

2.5 Measuring durability 
The methodology set by standards to assess the durability of timber is by measuring the mass loss of 

the samples after exposure to wood degrading organisms either in field or under laboratory 

conditions, with the details differing significantly depending on the hazard class tested for (AWPC, 

2007). These require numerous (>6) reasonable sized (>20 mm) samples and testing for a 

considerable time frame (>12 weeks) (AWPC, 2007). The effort of measuring natural durability by 

mass loss was recognised as prohibitive for inclusion in large scale screening programmes (Bush et 

al., 2011; Paques and Charpentier, 2015).  

Experimental alternatives to accelerate durability assessments have been proposed. The required 

exposure time can be shortened by accelerating the decay by creating more favourable 

environmental conditions (Cookson et al., 2014). Furthermore it is possible to use more sensitive 

techniques to assess decay in the early stages, before significant mass loss occurs. In the early stage 

of decay remarkable changes in the physical properties and the chemical composition of the wood 

can be observed. Acoustics, which are associated with the stiffness of a material, have been found 

useful to detect decay early (Machek et al., 2001).  Several studies report that NIR was useful to 

predict the severity of decay in wood, based on changes in the chemical composition of the woody 

cell walls, removing the need to measure mass loss (Fackler and Schwanninger, 2012). However, 

these are still difficult to realise in a sizable lean breeding programme.  

As outlined above (2.2) the durability of wood is related to the extractive content in heartwood.  

Again, the resources needed for the conventional test method to determine the extractive content 

by solvent extraction of milled wood (TAPPI, 2007) is prohibitive to be useful in a screening 

programme (Takashima et al., 2015). Harju and Venäläinen (2006) proposed to use a more efficient 

Folin-Ciocalteu assay for total phenolics to more rapidly assess durability in Pinus sylvestris.  

Alternatively, NIR is a technique able to obtain information on the chemical composition of a 

material (Osborne et al., 1993) and is used for this purpose for agricultural products. Several studies 

have found NIR being able to accurately assess the extractive content of heartwood (Table 6). 

However, the prediction of mass loss by decay fungi was not always reported to be accurate enough 

to support a breeding programme (Table 7).  

Wounding was suggested as an early testing method to breed for heartwood (Harju et al., 2009). The 

wound reaction in stems after injury is related to heartwood formation (Blanchette and Biggs, 1992). 



11 
 

 

Table 6: Studies quantifying the extractive content of heartwood by NIR 

Species Model accuracy (R2) Residual mean 
square error 

Reference 

Eucalyptus cladocalyx 0.93 0.009 (Bush et al., 2011) 

Eucalyptus globulus 0.82 – 0.94  1.37 (Alves et al., 2012; Poke 
et al., 2004; Stackpole et 
al., 2011) 

Larix sp. 0.86 – 0.98 0.21 – 0.86  (Gierlinger et al., 2002) 

Thuja plicata 0.71 2.2 (Stirling et al., 2015) 

Tectona grandis >0.8 2.36 (Niamke et al., 2014) 

Astronium graveolens 0.75 1.42 (Taylor et al., 2008b) 

Quercus alba 0.85 1.52 (Taylor et al., 2011) 

Pinus sylvestris 0.84 0.33 (Holmgren et al., 1999; 
Leinonen et al., 2008) 

Quercus petraea,  
Quercus robur 

0.93 0.57 (Zahri et al., 2008) 

Pinus pinaster 0.92 – 0.97 0.28 (Lepoittevin et al., 2011; 
Perez et al., 2007) 

Pinus brutia 0.91 0.09 (Uner et al., 2011) 

Eucalyptus urophylla × E. 
grandis 

0.77 0.87 (Giordanengo et al., 2008) 

Swietenia macrophylla 0.68 0.02 (Taylor et al., 2008a) 

Betula pendula,  
Betula pubescens 

0.92 0.77 (Toivanen and Alen, 2007) 

 

Table 7: Studied quantifying the natural durability of wood by NIR 

Species Decay predictability Reference 

Eucalyptus cladocalyx Unsuccessful (Bush et al., 2011) 

Larix decidua, L. kaempferi Successful (Gierlinger et al., 2003) 

Larix sibirica, L. decidua Successful (Sykacek et al., 2006) 

Thuja plicata Unsuccessful (Stirling et al., 2015) 

Sequoia sempervirens  Partially successful (Jones et al., 2011) 

Cupressus lusitanica, C. 
macrocarpa, Cuprocyparis 
leylandii  x C. ovensii 

Partially successful (Jones et al., 2013) 

Astronium graveolens Unsuccessful (Taylor et al., 2008b) 

Pinus sylvestris Successful (Flaete and Haartveit, 2004; 
Leinonen et al., 2008) 

 

2.6 Research on heartwood 

2.6.1 Genetic selection  

NZDFI has established numerous breeding trials since 2009. Details of the breeding trials can be 

found in the NZDFI Breeding plan. As the trees age and start to form heartwood we will assess our 

families on a) the amount of heartwood in the stem and b) the extractive content in the heartwood. 
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Having characterised our genetic resource we will be able to select trees with abundant heartwood 

rich in extractives for propagation. 

We have recently developed a battery-powered, light-weight tree corer which allows the easy and 

quick extraction of 12 mm diameter cores (Li and Altaner, 2016b). On these cores the abundance of 

heartwood will be assessed using a colour indicator (methyl orange) to highlight the heartwood.  

Additionally the extractive content in the heartwood will be assessed by NIR spectroscopy as milling 

and subsequent extraction is resource demanding. In order to assess the extractive content in 

heartwood by NIR spectroscopy we will calibrate the system for each NZDFI species. This has already 

been achieved for the E. bosistoana (Li and Altaner, 2016a).  

The trees with high extractive content are more likely to produce more naturally durable timber. 

Natural durability will be directly tested according to standards for the trees which have a high 

extractive content.  

2.6.2 Identifying key heartwood compounds 

The identity of the key compounds in heartwood of the NZDFI species is unknown. Knowing the key 

heartwood compounds will enable further improvement of the natural durability of the resource by 

selecting the trees with the most favourable extractive composition among those with high 

extractive content. A similar approach is taken for Thuja plicata (Morris and Stirling, 2012). Knowing 

the key compounds would also facilitate the identification of target genes. A better understanding 

could also contribute to processing of the timbers (e.g. colour stability, drying or gluing). Last but not 

least it could be possible to find high value applications for individual extractives.  

Extracts will be analysed by standard analytical chemistry methods. The School of Forestry has a gas 

chromatograph and access to the facilities in UC’s Chemistry department. We are collaborating with 

Dr. Odermatt (University of Hamburg), whose expertise is on the analysis of wood extractives. 

Furthermore we will conduct experiments to identify bioactive compounds in the extract.  

2.6.3 Certifying durability 

The resources necessary to test natural durability in a breeding programme are prohibitive. 

Additionally samples size (one 12 mm diameter core of each individual) is limited. Therefore a 

potentially more durable resource is selected through the proxy of high heartwood extractive 

content. The natural durability rating of the selected resource needs to be determined according to 

standards by independent organisations. Standards vary depending on the envisaged export marked. 

Some of NZDFI’s industry partners expressed their intent to lead this work. Additionally we are in 

contact with international institutions regarding the testing of our samples.   

2.6.4 Detecting heartwood in standing trees 

Heartwood has a dramatic influence on the value of a tree. However, there are no tools available for 

the quick assessment of sapwood depth in standing trees. Measuring sapwood depth quickly is, 

however, necessary in an industrial context to efficiently produce forest inventories for quality 

control. In a research context this data is needed to investigate the environmental influences on 

heartwood formation in order to add heartwood into growth and yield models.  A portable tool to 

measure quickly the sapwood depth in standing trees will be developed. Concepts have been 

developed based on the different electrical properties of heartwood and sapwood. 
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2.6.5 Colour 

No research into colour of NZDFI species is planned at the current stage. However, the fact that 

some of the chosen species, which are closely related, have differently coloured heartwood opens 

the possibility to screen hybrids for colour.   

3 Growth-strain  
Growth-strain has often been identified as the reason why plantation grown eucalypts are not used 

for solid wood products in significant amounts (Cown, 2016; Poole et al., 2014). Board distortion 

after sawing, end splitting and other wood defects have been associated with growth-strain, 

restricting plantation-grown eucalypts to the low-value pulp chip market. Technical solutions to 

mitigate growth-strain during processing have been investigated but come with considerable costs. 

On the other hand growth-strain has been shown to be partly under genetic control (Chauhan and 

Aggarwal, 2011; Davies et al., 2015; Murphy et al., 2005; Solorzano Naranjo et al., 2012). NZDFI’s 

primary approach to resolve the problem of high growth-strain is through a breeding programme. 

The reason why tree breeding programmes have rarely included growth-strain as a trait are the 

difficult and labour intensive measurements. NZDFI makes use of a newly developed method to 

assess growth-strain quickly in young trees (Chauhan and Entwistle, 2010; Entwistle et al., 2014). 

This allows effective screening of NZDFI’s entire breeding populations for low growth-strain. This 

work is financed for E. bosistoana and E. argophloia through the associated independent MPI 

research programme “Minimising growth-strain in eucalypts to transform processing” SFF 407602 

running 2015-2018.  

To make use of the exiting eucalypt resource for solid wood processing we propose to investigate 

the possibility of segregating harvested logs for low growth-strain. This requires a tool which can 

measure growth-strain quickly and non-destructively. Such a tool does currently not exist.   

 

3.1 Research on growth-strain 

3.1.1 Breeding 

The methodology to screen entire economically breeding populations for growth-strains has been 

outlined in the MPI programme “Minimising growth-strain in eucalypts to transform processing” SFF 

407602” project. This programme is currently running satisfactorily with work on E. bosistoana and 

E. argophloia. Further funding will be sought to generate a low growth-strain resource for the other 

NZDFI species. 

3.1.2 Segregation 

Work has started to test if it is possible to exploit the effects of mechanical strain on the vibrational 

behaviour of molecular bonds to determine the strain-level in solid wood. A literature review has 

been prepared for SWP (Guo and Altaner, 2016) and experimental details can be found in the 

associated SWP work plan. The current work will establish if it is possible to assess growth-strain in 

green solid wood by IR spectroscopy under laboratory conditions. If possible, future work will build 

on that and develop a tool which can be used on logs in an industrial environment.  
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4 Other wood properties 
The eucalyptus species in the NZDFI programme where chosen preliminarily for their natural 

durability and their potential fast growth under the climatic conditions in the drier parts of New 

Zealand. However, the timbers of NZDFI species have also excellent physical properties shown in 

Table 8. Most of the available data considers the Australian old-growth resource with only a small 

number of species tested in New Zealand using timber from younger plantation-grown trees (Jones  

et al., 2010) These demonstrate that, the timber from a young plantation resource can still be 

expected to be of excellent quality.  

4.1 Eucalyptus bosistoana (grey coast box) 
The timber of E. bosistoana from the Australian old-growth resources has exceptional properties 

(Table 8). More properties are listed in the Australian Standard (AS1720.2). Its high density might 

prevent it from being used for furniture but is ideal for flooring, construction and many other uses. 

The species was reported to express interlocked grain.  

Logs from 43 and 47 year-old E. bosistoana grown in South Africa were reported to saw easily apart 

from splits in the pith containing centre boards and to season without the development of serious 

drying defects (Poynton, 1979a).  

Wood properties, close to those published for the Australian resource, were reported for 42 year-old 

trees grown in Uruguay from seed sourced in New South Wales, Australia (Mantero et al., 2014).  

4.2 Eucalyptus argophloia (Queensland white gum) 
Little information is available for the wood properties of E. argophloia as it is a uncommon and has 

only recently gained interest as a plantation species (Lee et al., 2011). Basic density was reported 

between 726 and 861 kg/m3 for samples ranging between 6 and 32 years of age for a small number 

of trees (<50) from various sites (Harding et al., 2012). The same report lists MoE values between 

8.25 and 14.43 GPa and MoR values of 82 to 150 MPa for these samples. Shrinkage values were also 

reported.  

E. argophloia is an endangered species with a limited genetic base. However, it is closely related to 

E. bosistoana with which it may hybridise. The inclusion of E. argophloia into the NZDFI programme 

was largely driven by the potential to create hybrids with E. bosistoana thereby broadening the 

genetic resource for future selections. 

4.3 Eucalyptus globoidea (white stringybark) 
Properties of E. globoidea timber from the Australian old-growth resources are listed in (Table 8). 

More properties are listed in the Australian Standard (AS1720.2). E. globoidea timber does not reach 

the exceptional properties of E. bosistoana. Its lower density is not necessarily a disadvantage. The 

species expresses interlocked grain and a very narrow sapwood band.   

Sawing of 25 year-old E. globoidea grown in NZ was reported to yield good amounts of higher visual 

grades (Jones  et al., 2010). The average physical properties of this timber were with a kiln-dry 

density of 655 kg/m3, a MoE 12 GPa and a Janka hardness of 5.5 kN markedly lower than those 

reported for the Australian old-growth resource (Table 8). 
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Sawing studies were conducted on E. globoidea logs sourced from 10 to 44 year-old stands from 

various regions throughout South Africa (Poynton, 1979b). The material sawed readily with the 

centre flitches often badly splitting. Boards from young trees expressed notable honeycombing and 

collapse during seasoning. Seasoning defects were only moderately expressed in boards from older 

trees.  

A description of the wood anatomy of E. globoidea can be found in study of stringy barks (Ilic, 2002). 

This study reports a basic density of ~620 kg/m3 for this species.  

4.4 Eucalyptus quadrangulata (white-topped box) 
Properties of E. quadrangulata timber from the Australian old-growth resources are close to those of 

E. bosistoana (Table 8). The species is not listed in the Australian Standard (AS1720.2). E. 

quadrangulata sometimes expresses interlocked grain.  

Logs grown in South Africa sourced from a 35 and a 41 year-old stand did saw easily with the centre 

flitches tending to split (Poynton, 1979c). During seasoning the timber showed only mild tendency to 

cup or check and sometimes collapse near the pith. The most serious defect was a high incidence of 

kino rings. Timber cut from logs sourced from a 9 year-old stand did not season well with a good 

deal of end-splitting, cupping and collapse. The latter could not be remediated by kiln 

reconditioning.  

4.5 Eucalyptus sideroxylon (tricarpa) (red ironbark) 
Properties of E. sideroxylon timber from the Australian old-growth resources are similar to that of E. 

quadrangulata (Table 8, AS1720.2). The species expresses interlocked grain.  

Logs from 39 and 47 year-old South African stands were reported to saw easily with some splitting of 

the central flitch (Poynton, 1979d). Overall the timber seasoned well with some splits occurring near 

knots and a tendency to collapse for wood close to the pith.  

The taxonomic difference between E. sideroxylon and E. tricarpa are debatable. Chemotaxonomic 

investigations on the difference between E. sideroxylon and E. tricarpa were published (Hillis and 

Isoi, 1965). The species is related to E. bosistoana with which it may hybridise and therefore has the 

potential to increase the genetic resource of the NZDFI breeding programme.  

Table 8: Some wood properties reported for NZDFI species and radiata pine according to (Bootle, 2005). 

Species Dry MoE 
(GPa) 

Density at 12% 
MC (kg/m3) 

Dry MoR (MPa)  Dry Hardness 
(Janka) (kN) 

Eucalyptus bosistoana* 21 1100 163  13 

Eucalyptus 
quadrangulata* 

18 1030 163 14 

Eucalyptus sideroxylon 
(tricarpa)* 

17 1130 133 13 

Eucalyptus globoidea* 17 880 133 8.8 

Eucalyptus argophloia** 14  862-1005 - 7-14 

Pinus radiata (NZ) 9.1 480 76 2.8 

*Note: this is data considering the Australian old-growth resource 

** (Anonymous, 2013); age 13 
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4.6 Research on other wood properties 
The NZDFI species are characterised by high density, strength and stiffness (Table 8). The available 

information also indicates that they saw and dry without too many difficulties. At present we do not 

intend to select the NZDFI species for stiffness, collapse, density, grain or colour. However, during 

the assessment of growth-strain we obtain as a by-product data on density, stiffness and collapse. 

These good wood properties are monitored to ensure they are not compromised when selecting for 

tree growth, form, health, heartwood and growth-strain. These traits can be selected for if needed, 

as the data is pedigreed.  

The assessment of heartwood properties is achieved by taking 12 mm diameter core samples that 

can be analysed further. If deemed necessary and resources allow, these cores can be analysed for 

colour, grain and other wood properties.  

 

4.6.1 Stiffness 

In conjunction with the assessment of growth-stress (Chauhan and Entwistle, 2010; Entwistle et al., 

2014) the dynamic MoE is measured (Chauhan et al., 2013). These assessments are performed on 

young trees less than 2-years old. The relationship between stiffness and the level of growth-strain is 

unclear as for eucalypts positive, negative and no correlations have been reported (Chauhan and 

Aggarwal, 2011; Chauhan and Walker, 2011). The correlation between growth-stain and stiffness will 

be monitored for the NZDFI species to ensure no significant unintended loss in the selected trees. It 

is further possible, if deemed necessary, to assess the cores obtained for heartwood assessments at 

age 7 with a purpose build acoustic velocity scanner for stiffness available to NZDFI (Hayes and Pink, 

2012). Measurements of acoustic velocity of standing trees and destructive sampling are further 

options available later in the programme when the trees have reached an older age. Such 

measurements are routinely conducted by NZDFI partners, which have the necessary equipment 

available.  

 

4.6.2 Density breeding 

The NZDFI species are of high to extreme density (Table 8). No selection for wood density is planned, 

however, excessively high density is not an advantage and it might be of interest to select for lower 

density. As for stiffness, density data is generated during the assessment of growth-strain when 

trees are ~2-years old. The genetic resource will be characterised. Furthermore cores samples from 

heartwood studies at age 7 will be available, allowing evaluation of radial patterns in density.   

 

4.6.3 Collapse 

Collapse is excessive volumetric shrinkage. Volumetric shrinkage data is generated during the 

growth-strain assessments at age ~2-years. For most NZDFI species collapse during seasoning has 

not been reported to be problematic. We will monitor collapse in the data and select to eliminate 

this if necessary. Collapse is also apparent on the cores for the heartwood assessment at age 7. 

Preliminary data confirms that E. bosistoana does not collapse when drying.  
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4.6.4 (Interlocked) grain 

The NZDFI species express interlocked grain. Regular interlocked grain can be a desirable feature for 

appearance grade timber products (Harris, 1989; Kohl, 2012). Spiral grain on the other hand can lead 

to twist in sawn timber or distortion of veneer sheets. At present grain patterns are not a breeding 

trait, however, they have been reported to be under strong genetic control in E. dunnii eucalypts 

(Thinley et al., 2005) and twist associated with spiral grain has been reported for 20-year old E. 

cladocalyx and other species (Wessels et al., 2016). If the cores which are obtained for heartwood 

assessments are assessed for stiffness with the available purpose build acoustic scanner (Hayes and 

Pink, 2012), a by-product of the data is the radial grain pattern. The intention is to use this data to 

characterise the NZDFI species if resources can be found. 

 

5 Validation of early selections 
NZDFI pursues early selection to ensure early deployment of improved material and to minimise the 

costs of the breeding programme (Altaner, 2015). The School of Forestry has developed early 

selection methods for wood quality over the last decades and successfully applied to radiata pine 

(Apiolaza, 2009; Apiolaza et al., 2011; Chauhan et al., 2013; Entwistle et al., 2007; Sharma, 2013).  

 

5.1 Research  
In due course the NZDFI breeding trials require a 2nd thinning (around age ~10). This can yield some 

logs big enough to verify the early selection for heartwood and growth-strain on a family basis. 

Growth-strain is intended to be measured on the logs classically with strain gauges and additionally 

the splitting test using a portable sawmill. Wooden stakes can be sawn from trees with heartwood 

that can be tested in fungal cellars. This work allows the confirmation of genetic gain and will 

reassure growers that planting genetically improved seedlings will yield higher quality timber.     

 

6 Processing 
Processing is dictated by the targeted products. In the first instance NZDFI targets naturally durable 

posts and high stiffness veneers for LVL. At a later stage the trees will also yield durable and 

coloured sawn timber. The sawing of eucalypts has been reviewed for SWP (Cown, 2016). In general 

the processing of smaller diameter eucalyptus logs is hampered by excessive growth-strain and for 

many species difficult drying. NZDFI’s primary approach to remediate growth-strain is by breeding. 

The NZDFI species have been reported to saw easily and dry without too much problems. Some 

products such as posts are used green. It should be noted that early pruning is essential to obtain 

posts and quality sawn timber from young plantations (Nolan et al., 2005).  

The domestic LVL production is based on radiata pine, which does not yield structural grade material 

in the core. Therefore, peeling technology is based on conventional spindled-lathes producing a 
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large peeler core (>8 cm) requiring large diameter trees. However spindle-less lathes have been 

developed which are able to obtain veneer from low-quality small-diameter logs. This technology is 

now widely used in China for plywood production (Arnold et al., 2013). Current research of spindle-

less lathe technology has shown great potential for processing small-diameter logs from Australian 

eucalypt plantations (Hamilton et al., 2015; McGavin, 2016; McGavin et al., 2015a; McGavin et al., 

2015b; McGavin et al., 2014a; McGavin et al., 2014b). Opportunities and hurdles of NZ grown 

eucalypts for LVL productions have been reviewed for SWP (Riley, 2016). 

Research on processing NZDFI eucalypts is restricted by the availability of trees. Larger breeding 

populations have been planted from 2009 onwards with a few stands planted in the early 2000s. 

Therefor no larger diameter logs are accessible. However, trees are growing well and smaller 

diameter logs will could be sourced from thinning operation at age ~10 years towards the end of the 

SWP programme. 

 

6.1 Research on posts 
Production of posts is simple and does not need extensive research. NZDFI is targeting small scale 

farm forestry growers for the durable post market. For these small scale plantations on-site 

processing is an attractive option. A proposed sawing pattern is to cut 4 square posts from the 

heartwood by squaring and quartering the log with a mobile horizontal band saw.  

In due course the NZDFI breeding trials require a 2nd thinning (around age ~10). This can yield some 

logs big enough to trial processing of posts. Yields could be estimated.  

 

6.2 Research on LVL 
The feasibility of spindle-less lathe technology to produce veneers from small diameter logs 

obtained from thinning NZDFI breeding trials will be explored. Grade recovery, physical veneer 

properties and processing costs are parameters to be determined.  

Currently, using spindle-less lathes is also the only way to obtain veneers to investigate LVL from 

NZDFI species as no larger diameter logs are available. Preliminary results have indicated challenges 

with gluing the high density veneers, indicating the need for research. NZDFI industry partners have 

emphasised the role of adhesive manufactures in this area. The mechanical properties of the 

envisaged high spec-LVL need to be verified.  

As small-scale farm forestry growers are a major interest group of NZDFI we will explore the 

possibility to make the spindle-less lathe technology mobile for on-site veneer production in analogy 

to / as an alternative post production by sawing. 

 

6.3 Research on sawn timber  
At present no research on processing large logs of NZDFI eucalypts for sawn timber is planned. 

Research in this area requires access to logs >30 cm in diameter, which are not yet available from 

the NZDFI programme. Grade recovery and drying are areas to be considered at a future time. 
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7 Silviculture 
Silvicultural regimes for durable eucalypt plantations depend on the envisaged end-product. Early 

pruning appears to be essential for most targeted products. The importance of pruning plantation 

eucalypts intended to be used for solid wood products has been highlighted recently (Nolan et al., 

2005). Some thinning schedules for growing durable eucalypts for saw logs or transmission poles in 

South Africa have been summarised by (Poynton, 1979e). 

8 References 
Ahmed, B. M., French, J. R., and Vinden, P. (2004). Review of remedial and preventative methods to 

protect timber in service from attack by subterranean termites in Australia. Sociobiology 44, 
297-312. 

Altaner, C. (2015). Developing a quality eucalypt resource at seedling stage. Autralian Forest Grower 
37, 33/35. 

Alves, A. M. M., Simoes, R. F. S., Santos, C. A., Potts, B. M., Rodrigues, J., and Schwanninger, M. 
(2012). Determination of Eucalyptus globulus wood extractives content by near infrared-
based partial least squares regression models: comparison between extraction procedures. 
Journal of near Infrared Spectroscopy 20, 275-285. 

Anonymous (2013). Western white gum (plantations) (F. a. F. D. Department of Agriculture, ed.). 
State of Queensland, Australia. 

Apiolaza, L. A. (2009). Very early selection for solid wood quality: screening for early winners. Annals 
of Forest Science 66. 

Apiolaza, L. A., Chauhan, S. S., and Walker, J. C. F. (2011). Genetic control of very early compression 
and opposite wood in Pinus radiata and its implications for selection. Tree Genetics & 
Genomes 7, 563-571. 

Arnold, R. J., Xie, Y. J., Midgley, S. J., Lou, J. Z., and Chen, X. F. (2013). Emergence and rise of eucalypt 
veneer production in China. International Forestry Review 15, 33-47. 

AS1720.2 (2006). Timber structures. In "Part 2: Timber properties", Vol. 1720.2, pp. 20. Australian 
Standard. 

AS5604 (2005). Timber - Natural durability ratings. Australian Standard. 
ASTM (2005). Standard test method of accelerated laboratory test of natural decay resistance of 

woods. Vol. D2017-05, pp. 5. 
AWPC (2007). Protocols for assessment of wood preservatives. pp. 30. The Australian wood 

preservation committee Clayton, Australia. 
Balogh, B., and Anderson, A. B. (1965). Chemistry of the genus Sequoia—II : Isolation of sequirins, 

new phenolic compounds from the coast redwood (Sequoia sempervirens). Phytochemistry 
4, 569-575. 

Blanchette, R. A., and Biggs, A. R. (1992). "Defense mechanisms of woody plants against fungi," 
Springer-Verlag, New York;Berlin;. 

Bootle, K. R. (2005). "Wood in Australia. Types, properties, and uses," 2nd/Ed. McGraw-Hill Australia. 
Bouzabata, A., Bighelli, A., Abed, L., Casanova, J., and Tomi, F. (2014). Composition and Chemical 

Variability of Eucalyptus bosistoana Essential Oil from Algerian Sahara. Natural Product 
Communications 9, 701-702. 

Burdon, R. D., Kibblewhite, R. P., Walker, J. C. F., Megraw, R. A., Evans, R., and Cown, D. J. (2004). 
Juvenile versus mature wood: A new concept, orthogonal to corewood versus outerwood, 
with special reference to Pinus radiata and P. taeda. Forest Science 50, 399-415. 

Bush, D. (2011). Selecting and breeding eucalypts for natural durability. In "Developing a eucalypt 
resource: learning from Australia and elsewhere" (J. C. F. Walker, ed.), pp. 125-136. Wood 
Technology Research Centre, Blenheim, N.Z. 



20 
 

Bush, D., McCarthy, K., and Meder, R. (2011). Genetic variation of natural durability traits in 
Eucalyptus cladocalyx (sugar gum). Annals of Forest Science 68, 1057-1066. 

Cadahia, E., Conde, E., deSimon, B. F., and GarciaVallejo, M. C. (1997a). Tannin composition of 
Eucalyptus camaldulensis, E-globulus and E-rudis .2. Bark. Holzforschung 51, 125-129. 

Cadahia, E., Conde, E., GarciaVallejo, M. C., and deSimon, B. F. (1997b). Tannin composition of 
Eucalyptus camaldulensis, E-globulus and E-rudis .1. Wood. Holzforschung 51, 119-124. 

Chauhan, S., and Entwistle, K. (2010). Measurement of surface growth stress in Eucalyptus nitens 
Maiden by splitting a log along its axis. Holzforschung 64, 267-272. 

Chauhan, S. S., and Aggarwal, P. (2011). Segregation of Eucalyptus tereticornis Sm. clones for 
properties relevant to solid wood products. Annals of Forest Science 68, 511-521. 

Chauhan, S. S., Sharma, M., Thomas, J., Apiolaza, L. A., Collings, D. A., and Walker, J. C. F. (2013). 
Methods for the very early selection of Pinus radiata D. Don. for solid wood products. Annals 
of Forest Science 70, 439-449. 

Chauhan, S. S., and Walker, J. C. F. (2011). Wood quality in artificially inclined 1-year-old trees of 
Eucalyptus regnans - differences in tension wood and opposite wood properties. Canadian 
Journal of Forest Research-Revue Canadienne De Recherche Forestiere 41, 930-937. 

Clausen, C. A. (1996). Bacterial associations with decaying wood: a review. International 
Biodeterioration & Biodegradation 37, 101-107. 

Conde, E., Cadahia, E., and GarciaVallejo, M. C. (1997). Low molecular weight polyphenols in leaves 
of Eucalyptus camaldulensis, E-globulus and E-rudis. Phytochemical Analysis 8, 186-193. 

Conde, E., Cadahia, E., Garciavallejo, M. C., and Desimon, M. B. F. (1995). Polyphenolic Composition 
of Wood Extracts from Eucalyptus-Camaldulensis, Eucalyptus-Globulus and E-Rudis. 
Holzforschung 49, 411-417. 

Cookson, L. J. (2004). "The in-ground natural durability of Australian timbers." CSIRO FFP, Victoria. 
Cookson, L. J., Carr, J., Chew, N., and Creffield, J. W. (2009). Lyctine susceptibility of selected 

hardwoods. Australian Forestry 72, 20-24. 
Cookson, L. J., and McCarthy, K. J. (2013). Influence of tree age and density on the above-ground 

natural durability of eucalypt species at Innisfail. Australian Forestry 76, 113-120. 
Cookson, L. J., Page, D., and Singh, T. (2014). Accelerated above-ground decay testing in Australia 

and New Zealand. International Biodeterioration & Biodegradation 86, 210-217. 
Cown, D. (2016). "Review of eucalypt wood processing issues." Speciality Wood Products Research 

Partnership, New Zealand. 
Cragg, S. M., Danjon, C., and Mansfield-Williams, H. (2007). Contribution of hardness to the natural 

resistance of a range of wood species to attack by the marine borer Limnoria. Holzforschung 
61, 201-206. 

Cragg, S. M., Pitman, A. J., and Henderson, S. M. (1999). Developments in the understanding of the 
biology of marine wood boring crustaceans and in methods of controlling them. 
International Biodeterioration & Biodegradation 43, 197-205. 

Da Costa, E. W. B., and Rudman, P. (1958). The causes of natural durabiliy in timber. I. The role of 
toxic extractives in the resistance of Tallowwood (Eucalyptus microcorys F. Muell.) to deacay. 
Australian Journal of Biological Sciences 11, 45-57. 

Daniels, C. R., and Russell, J. H. (2007). Analysis of western redcedar (Thuja plicata Donn) heartwood 
components by screening tool for trees with durability. Journal of Chromatographic Science 
45, 281-285. 

Davies, N. T., Sharma, M., Altaner, C. M., and Apiolaza, L. A. (2015). Screening eucalypts for growth-
strain. In "8th Plant Biomechanics International Conference,  " Nagoya. 

Dayal, R. (1982). Chemical constituents of Eucalyptus citriodora roots. Journal of the Indian Chemical 
Society 59, 1008. 

Denis, M., Favreau, B., Ueno, S., Camus-Kulandaivelu, L., Chaix, G., Gion, J. M., Nourrisier-Mountou, 
S., Polidori, J., and Bouvet, J. M. (2013). Genetic variation of wood chemical traits and 



21 
 

association with underlying genes in Eucalyptus urophylla. Tree Genetics & Genomes 9, 927-
942. 

Domingues, R. M. A., Sousa, G. D. A., Silva, C. M., Freire, C. S. R., Silvestre, A. J. D., and Neto, C. P. 
(2011). High value triterpenic compounds from the outer barks of several Eucalyptus species 
cultivated in Brazil and in Portugal. Industrial Crops and Products 33, 158-164. 

dos Santos, P. E. T., Geraldi, I. O., and Garcia, J. N. (2004). Estimates of genetic parameters of wood 
traits for sawn timber production in Eucalyptus grandis. Genetics and Molecular Biology 27, 
567-573. 

Duan, H. J., Cao, S., Zheng, H. Q., Hu, D. H., Lin, J., Lin, H. Z., Hu, R. Y., Sun, Y. H., and Li, Y. (2016). 
Variation in the Growth Traits and Wood Properties of Chinese Fir from Six Provinces of 
Southern China. Forests 7, 12. 

Eaton, R., Ampong, F., Barnacle, J., Beesley, J., Bultman, D., Cookson, L., Cragg, S., Depalma, J., 
Gambetta, A., Henningsson, B., Levi, M., Levy, C., Nilsson, T., and Orlandi, E. (1989). AN 
INTERNATIONAL COLLABORATIVE MARINE TRIAL TO INVESTIGATE THE EFFECT OF TIMBER 
SUBSTRATE ON THE EFFICACY OF CCA AND CCB WOOD PRESERVATIVES. Material Und 
Organismen 24, 51-79. 

Eaton, R. A., and Hale, M. D. C. (1993). "Wood - Decay, pests and preservation," Chapmann & Hall, 
London. 

Edlund, M. L. (1998). Durability of untreated wood exposed in terrestrial test fields and microcosms. 
Material Und Organismen 32, 253-275. 

EN350-1 (1994). Durability of Wood and Wood-based Products – Natural Durability of Solid Wood: . 
In "Part 1: Guide to the principles of testing and classification of the natural durability of 
wood", Vol. CEN. European Comittee for Standardization. 

EN350-2 (1994). Durability of Wood and Wood-based Products – Natural Durability of Solid Wood: . 
In "Part 2:  Natural Durability of Solid Wood: Guide to natural durability and treatability of 
selected wood species of importance in Europe". European Comittee for Standardization. 

Entwistle, K., Chauhan, S., Sharma, M., and Walker, J. (2014). The effect of saw kerf width on the 
value of the axial growth stress measured by slitting a log along its axis. Wood Material 
Science & Engineering, 1-12. 

Entwistle, K., Harris, P. J., and Walker, J. C. F. (2007). The Compromised Wood Workshop pp. 236. 
Wood Technology Research Centre, University of Canterbury, Christchurch [N.Z.]. 

Ericsson, T., and Fries, A. (1999). High heritability for heartwood in north Swedish Scots pine. 
Theoretical and Applied Genetics 98, 732-735. 

Fackler, K., and Schwanninger, M. (2012). How spectroscopy and microspectroscopy of degraded 
wood contribute to understand fungal wood decay. Applied Microbiology and Biotechnology 
96, 587-599. 

Flaete, P. O., and Haartveit, E. Y. (2004). Non-destructive prediction of decay resistance of Pinus 
sylvestris heartwood by near infrared spectroscopy. Scandinavian Journal of Forest Research 
19, 55-63. 

Fries, A., and Ericsson, T. (1998). Genetic parameters in diallel-crossed Scots pine favor heartwood 
formation breeding objectives. Canadian Journal of Forest Research-Revue Canadienne De 
Recherche Forestiere 28, 937-941. 

Fries, A., Ericsson, T., and Gref, R. (2000). High heritability of wood extractives in Pinus sylvestris 
progeny tests. Canadian Journal of Forest Research-Revue Canadienne De Recherche 
Forestiere 30, 1707-1713. 

Gierlinger, N., Jacques, D., Grabner, M., Wimmer, R., Schwanninger, M., Rozenberg, P., and Paques, 
L. E. (2004). Colour of larch heartwood and relationships to extractives and brown-rot decay 
resistance. Trees-Structure and Function 18, 102-108. 

Gierlinger, N., Jacques, D., Schwanninger, M., Wimmer, R., Hinterstoisser, B., and Paques, L. E. 
(2003). Rapid prediction of natural durability of larch heartwood using Fourier transform 



22 
 

near-infrared spectroscopy. Canadian Journal of Forest Research-Revue Canadienne De 
Recherche Forestiere 33, 1727-1736. 

Gierlinger, N., Schwanninger, M., Hinterstoisser, B., and Wimmer, R. (2002). Rapid determination of 
heartwood extractives in Larix sp by means of Fourier transform near infrared spectroscopy. 
Journal of near Infrared Spectroscopy 10, 203-214. 

Giordanengo, T., Charpentier, J. P., Roger, J. M., Roussel, S., Brancheriau, L., Chaix, G., and Bailleres, 
H. (2008). Correction of moisture effects on near infrared calibration for the analysis of 
phenol content in eucalyptus wood extracts. Annals of Forest Science 65, 8. 

Goodell, B., Nicholas, D. D., and Schultz, P., eds. (2003). "Wood deterioration and preservation ", pp. 
1-465. American Chemical Society, Washington. 

Graham, B. (2009). "2009 Update of the Review of Activities Relevant to the Use of CCA Timber 
Treatment Chemicals." Environmental Protection Authority (EPA), New Zealand. 

Greaves, H. (1971). The bacterial factor in wood decay. Wood Science and Technology 5, 6-16. 
Guo, F., and Altaner, C. (2016). "Literature Review: Measuring growth-strain by IR-spectroscopy." 

Speciality Wood Products Research Partnership, New Zealand. 
Hamilton, M., Blackburn, D., McGavin, R., Baillères, H., Vega, M., and Potts, B. (2015). Factors 

affecting log traits and green rotary-peeled veneer recovery from temperate eucalypt 
plantations. Annals of Forest Science 72, 357-365. 

Harding, K., Hopewell, G., Davies, M., and Zbonak, A. (2012). "The wood properties of subtropical 
and tropical hardwood plantation timber grown for high-value products in Australia." 
1Cooperative Research Centre for Forestry (CRC), Tasmania, Australia. 

Harju, A. M., and Venalainen, M. (2002). Genetic parameters regarding the resistance of Pinus 
sylvestris heartwood to decay caused by Coniophora puteana. Scandinavian Journal of 
Forest Research 17, 199-205. 

Harju, A. M., and Venäläinen, M. (2006). Measuring the decay resistance of Scots pine heartwood 
indirectly by the Folin-Ciocalteu assay. Canadian Journal of Forest Research 36, 1797-1804. 

Harju, A. M., Venalainen, M., Beuker, E., Velling, P., and Viitanen, H. (2001). Genetic variation in the 
decay resistance of Scots pine wood against brown rot fungus. Canadian Journal of Forest 
Research-Revue Canadienne De Recherche Forestiere 31, 1244-1249. 

Harju, A. M., Venalainen, M., Laakso, T., and Saranpaa, P. (2009). Wounding response in xylem of 
Scots pine seedlings shows wide genetic variation and connection with the constitutive 
defence of heartwood. Tree Physiology 29, 19-25. 

Harris, J. M. (1989). "Spiral grain and wave phenomena in wood formation," Springer Verlag, Berlin. 
Hart, J. H., and Hillis, W. E. (1974). Inhibition of Wood-Rotting Fungi by Stilbenes and Other 

Polyphenols in Eucalyptus Sideroxylon. Phytopathology 64, 939-948. 
Hathway, D. E. (1962). Use of Hydroxystilbene Compounds as Taxonomic Tracers in Genus 

Eucalyptus. Biochemical Journal 83, 80-&. 
Hathway, D. E., and Seakins, J. W. T. (1959). Hydroxystilbenes of Eucalyptus-Wandoo. Biochemical 

Journal 72, 369-374. 
Hawley, L. F., Fleck, L. C., and Richards, C. A. (1924). The relation between durability and chemical 

composition in wood. Industrial and Engineering Chemistry 16, 699-700. 
Hayes, M., and Pink, N. (2012). TreeTwist: a spiral grain scanner for increment cores. In "The 19th 

Electronics New Zealand Conference (ENZCon)", pp. 85-90, Dunedin, New Zealand. 
Hill, C. A. S. (2006). "Wood modification - Thermal, chemical and other processes," John Wiley & 

Sons, Chichester. 
Hillis, W. E. (1956). Leucoanthocyanins as the possible precursors of extractives in woody tissues. 

Australian Journal of Biological Sciences 9, 263-280. 
Hillis, W. E. (1966). Polyphenols in the leaves of eucalyptus l'herit: A chemotaxonomic survey—I.: 

Introduction and a study of the series globulares. Phytochemistry 5, 1075-1090. 



23 
 

Hillis, W. E. (1967). Polyphenols in the leaves of Eucalyptus: A chemotaxonomic survey—V. : The 
series cornutae and subcornutae of the section macrantherae and the section 
platyantherae. Phytochemistry 6, 845-856. 

Hillis, W. E. (1987). "Heartwood and tree exudates," Springer Verlag, Berlin. 
Hillis, W. E. (1991). Eucalypts - Chemistry, Uses. Appita Journal 44, 239-244. 
Hillis, W. E., and Carle, A. (1962). The origin of the wood and bark polyphenols of Eucalyptus species. 

The Biochemical journal 82, 435-439. 
Hillis, W. E., Hart, J. H., and Yazaki, Y. (1974). Polyphenols of Eucalyptus sideroxylon wood. 

Phytochemistry 13, 1591-1595. 
Hillis, W. E., and Isoi, K. (1965). Variation in the chemical composition of Eucalyptus sideroxylon. 

Phytochemistry 4, 541-550. 
Holmgren, A., Bergström, B., Gref, R., and Ericsson, A. (1999). Detection of Pinosylvins in Solid Wood 

of Scots Pine Using Fourier Transform Raman and Infrared Spectroscopy. Journal of Wood 
Chemistry and Technology 19, 139-150. 

Ilic, J. (2002). Woods of Eucalyptus - Part 2 - Distinguishing species from the stringybark group (E-
baxteri, E-globoidea, E-muelleriana, E-macrorhyncha, E-consideniana and E-sieberi). Iawa 
Journal 23, 305-318. 

Jones, M., Aptaker, P. S., Cox, J., Gardiner, B. A., and McDonald, P. J. (2012). A transportable 
magnetic resonance imaging system for in situ measurements of living trees: The Tree 
Hugger. Journal of Magnetic Resonance 218, 133-140. 

Jones, T., Meder, R., Low, C., O'Callahan, D., Chittenden, C., Ebdon, N., Thumm, A., and Riddell, M. 
(2011). Natural durability of the heartwood of coast redwood [Sequoia sempervirens (D.Don) 
Endl.] and its prediction using near infrared spectroscopy. Journal of Near Infrared 
Spectroscopy 19, 381-389. 

Jones, T. G., Low, C. B., Meder, R., O'Callahan, D. R., Milne, P. G., Chittenden, C. M., Ebdon, N., and 
Dungey, H. S. (2013). Heartwood of Cupressus lusitanica, C. macrocarpa, Leyland and Ovens 
cypress and prediction of its durability using near-infrared spectroscopy. European Journal of 
Wood and Wood Products 71, 183-192. 

Jones , T. G., Mcconnochie , R. M., Shelbourne , T., and Low, C. B. (2010). Sawing and grade recovery 
of 25-year-old Eucalyptus fastigata, E. globoidea, E. muelleriana and E. pilularis. New Zealand 
Journal of Forestry Science 40, 19-31. 

Kennedy, S. G., Yanchuk, A. D., and Jefferson, P. A. (2013). Relationship of heartwood traits with 
diameter growth, implications for genetic selection in Pinus radiata. Tree Genetics & 
Genomes 9, 1313-1319. 

Kennedy, S. G., Yanchuk, A. D., Stackpole, D. J., and Jefferson, P. A. (2014). Incorporating non-key 
traits in selecting the Pinus radiata production population. New Zealand Journal of Forestry 
Science 44, 9. 

Klasnja, B., Kopitovic, S., and Orlovic, S. (2003). Variability of some wood properties of eastern 
cottonwood (Populus deltoides Bartr.) clones. Wood Science and Technology 37, 331-337. 

Kohl, F. (2012). "Veneers: a Fritz Kohl handbook." 
Kumagai, T., Nagasawa, H., Mabuchi, T., Ohsaki, S., Kubota, K., Kogi, K., Utsumi, Y., Koga, S., and 

Otsuki, K. (2005). Sources of error in estimating stand transpiration using allometric 
relationships between stem diameter and sapwood area for Cryptomeria japonica and 
Chamaecyparis obtusa. Forest Ecology and Management 206, 191-195. 

Lee, C. K., and Chang, M. H. (2000). The chemical constituents from the heartwood of Eucalyptus 
citriodora. Journal of the Chinese Chemical Society 47, 555-560. 

Lee, D., Zbonak, A., and McGavin, R. (2011). Development of E. argophloia in Queensland: lessons 
learnt. In "Developing a eucalypt resource: learning from Australia and elsewhere" (J. C. F. 
Walker, ed.), pp. 55-66. Wood Technology Research Centre, Blenheim, N.Z. 



24 
 

Leinonen, A., Harju, A. M., Venalainen, M., Saranpaa, P., and Laakso, T. (2008). FT-NIR spectroscopy 
in predicting the decay resistance related characteristics of solid Scots pine (Pinus sylvestris 
L.) heartwood. Holzforschung 62, 284-288. 

Lepoittevin, C., Rousseau, J. P., Guillemin, A., Gauvrit, C., Besson, F., Hubert, F., Perez, D. D., 
Harvengt, L., and Plomion, C. (2011). Genetic parameters of growth, straightness and wood 
chemistry traits in Pinus pinaster. Annals of Forest Science 68, 873-884. 

Li, Y., and Altaner, C. (2016a). "Calibrating NIR spectroscopy for extractive content of E. bosistoana 
stem cores." Speciality Wood Products Research Partnership, New Zealand. 

Li, Y., and Altaner, C. (2016b). "Screening Eucalyptus bosistoana for heartwood." Speciality Wood 
Products Research Partnership, New Zealand. 

Li, Y., and Altaner, C. M. (2015). Predicting extractive content of Eucalyptus bosistoana heartwood by 
near infrared spectroscopy. In "Forest Growers Research Conference", 14-15 Oct, Nelson. 

Machek, L., Militz, H., and Sierra-Alvarez, R. (2001). The use of an acoustic technique to assess wood 
decay in laboratory soil-bed tests. Wood Science and Technology 34, 467-472. 

Magnussen, S., and Keith, C. T. (1990). Genetic improvement of volume and wood properties of Jack 
pine - Selection strategies. Forestry Chronicle 66, 281-284. 

Mantero, C., O’Neill, H., Cardoso, A., and Castagna, A. (2014). Propiedades físicas y mecánicas de la 
madera de una población de Eucalyptus bosistoana F. Muell. cultivada en Uruguay. 
Agrociencia Uruguay 18, 65-74. 

McGavin, R. L. (2016). Analysis of small-log processing to achieve structural veneer from juvenile 
hardwood plantations. 

McGavin, R. L., Bailleres, H., Fehrmann, J., and Ozarska, B. (2015a). Stiffness and Density Analysis of 
Rotary Veneer Recovered from Six Species of Australian Plantation Hardwoods. Bioresources 
10, 6395-6416. 

McGavin, R. L., Bailleres, H., Hamilton, M., Blackburn, D., Vega, M., and Ozarska, B. (2015b). 
Variation in Rotary Veneer Recovery from Australian Plantation Eucalyptus globulus and 
Eucalyptus nitens. Bioresources 10, 313-329. 

McGavin, R. L., Bailleres, H., Lane, F., Blackburn, D., Vega, M., and Ozarska, B. (2014a). Veneer 
Recovery Analysis of Plantation Eucalypt Species Using Spindleless Lathe Technology. 
Bioresources 9, 613-627. 

McGavin, R. L., Bailleres, H., Lane, F., Fehrmann, J., and Ozarska, B. (2014b). Veneer Grade Analysis 
of Early to Mid-rotation Plantation Eucalyptus Species in Australia. Bioresources 9, 6562-
6581. 

McLaughlin, T. (2013). Methodology for the analysis of variations in the natural durability of 
Eucalyptus bosistoana wood, University of Canterbury, Christchurch. 

Meason, D. F., Kennedy, S. G., and Dungey, H. S. (2016). Two New Zealand-based common garden 
experiments of the range-wide 'Kuser' clonal collection of Sequoia sempervirens reveal 
patterns of provenance variation in growth and wood properties. New Forests 47, 635-651. 

Millen, P. (2009). NZ dryland forests initiative: a market focused durable eucalypt R&D project. In 
"Revisiting eucalypts" (L. A. Apiolaza, S. V. S. Chauhan and J. C. F. Walker, eds.), pp. 57-74. 
Wood Technology Research Centre, University of Canterbury, Christchurch, N.Z. 

Miranda, I., Gominho, J., Araujo, C., and Pereira, H. (2014). Family effects in heartwood content of 
Eucalyptus globulus L. European Journal of Forest Research 133, 81-87. 

Miranda, I., Gominho, J., and Pereira, H. (2009). Variation of heartwood and sapwood in 18-year-old 
Eucalyptus globulus trees grown with different spacings. Trees-Structure and Function 23, 
367-372. 

Mishra, G., Collings, D., and Altaner, C. (2016). "Heartwood formation in young Eucalyptus 
bosistoana." Speciality Wood Products Research Partnership, New Zealand. 

Morris, P., and Stirling, R. (2012). Western red cedar extractives associated with durability in ground 
contact. Wood Science and Technology 46, 991-1002. 



25 
 

Mosedale, J. R., Charrier, B., and Janin, G. (1996). Genetic control of wood colour, density and 
heartwood ellagitannin concentration in European oak (Quercus petraea and Q-robur). 
Forestry 69, 111-124. 

Moya, R., Marin, J. D., Murillo, O., and Leandro, L. (2013). Wood physical properties, color, decay 
resistance and stiffness in Tectona grandis clones with evidence of genetic control. Silvae 
Genetica 62, 142-152. 

Murphy, T. N., Henson, M., and Vanclay, J. K. (2005). Growth stress in Eucalyptus dunnii. Australian 
Forestry 68, 144-149. 

Narayanan, C., Chawhaan, P. H., and Mandal, A. K. (2009). Inheritance Pattern of Growth and Wood 
Traits in Teak (Tectona grandis L.f.). Silvae Genetica 58, 97-101. 

Niamke, F. B., Amusant, N., Kadio, A. A., Thevenon, M. F., Nourissier, S., Adima, A. A., Jay-Allemand, 
C., and Chaix, G. (2014). Rapid prediction of phenolic compounds as chemical markers for 
the natural durability of teak (Tectona grandis Linn f.) heartwood by near infrared 
spectroscopy. Journal of near Infrared Spectroscopy 22, 35-43. 

Nicholls, J. W. (1965). Heritability of heartwood formation in Pinus radiata D Don. Nature 207, 320-
&. 

Nicholls, J. W. P., and Matheson, A. C. (1980). Variation in wood characteristics in thinnings from a 
field trial of Eucalyptus obliqua. Australian Forest Research 10, 239-247. 

Nishimoto, A., Haga, T., Asakura, A., and Shirayama, Y. (2015). An experimental approach for 
understanding the process of wood fragmentation by marine wood borers in shallow 
temperate waters. Marine Ecology Progress Series 538, 53-65. 

Nolan, G., Washusen, R., Jennings, S., Greaves, B., and Parsons, M. (2005). "Eucalypt Plantations for 
Solid Wood Products in Australia - A Review," Rep. No. PN04.3002. Forest & Wood Products 
Research & Development Corporation, Victoria, Australia. 

Nyakuengama, J. G., Matheson, A. C., Spencer, D. J., Evans, R., and Vinden, P. (2000). Genetics of 
heartwood formation and moisture status in Pinus radiata. Appita Journal 53, 30-35. 

NZS3640:2003 (2003). Chemical preservation of round and sawn timber. pp. 49. Standard New 
Zealand. 

Ohtani, Y., Noguchi, T., and Ichiura, H. (2009). Relationship between sugi butt-rot disease and 
norlignans in the heartwood. Mokuzai Gakkaishi 55, 92-100. 

Osborne, B. G., Fearn, T., and Hindle, P. T. (1993). "Practical NIR spectroscopy with applications in 
food and beverage analysis," Longman Scientific & Technical, Harlow, Essex, England;New 
York;. 

Ovenden, S. P. B., Yu, J., Wan, S. S., Sberna, G., Tait, R. M., Rhodes, D., Cox, S., Coates, J., Walsh, N. 
G., and Meurer-Grimes, B. M. (2004). Globoidnan A: a lignan from Eucalyptus globoidea 
inhibits HIV integrase. Phytochemistry 65, 3255-3259. 

Padovan, A., Keszei, A., Külheim, C., and Foley, W. J. (2014). The evolution of foliar terpene diversity 
in Myrtaceae. Phytochemistry Reviews 13, 695-716. 

Palanti, S., Susco, D., and Feci, E. (2010). Natural durability of eucalypt from Italian plantations 
against fungi and cerambicid Trichoferus holosericeus Rossi. European Journal of Wood and 
Wood Products 68, 59-62. 

Paques, L. E. (2004). Roles of European and Japanese larch in the genetic control of growth, 
architecture and wood quality traits in interspecific hybrids (Larix x eurolepis Henry). Annals 
of Forest Science 61, 25-33. 

Paques, L. E., and Charpentier, J. P. (2015). Perspectives for genetic improvement in heartwood size 
and extractive content in relation to natural durability and aesthetics in interspecific hybrid 
larch (Larix x eurolepis). European Journal of Forest Research 134, 857-868. 

Partanen, J., Harju, A. M., Venäläinen, M., and Kärkkäinen, K. (2011). Highly heritable heartwood 
properties of Scots pine: possibilities for selective seed harvest in seed orchards. Canadian 
Journal of Forest Research 41, 1993-2000. 



26 
 

Pereira, H., Graça, J., and Rodrigues, J. C. (2003). Wood chemistry in relation to quality. In "Wood 
quality and its biological basis" (J. G. Barnett J.R., ed.), pp. 53-86. Blackwell Publishing, 
United Kingdom. 

Perez, D. D., Guillemain, A., Alazard, P., Plomion, C., Rozenberg, P., Rodrigues, J. C., Alves, A., and 
Chantre, G. (2007). Improvement of Pinus pinaster Ait elite trees selection by combining 
near infrared spectroscopy and genetic tools. Holzforschung 61, 611-622. 

Peters, B. C., Bailleres, H., and Fitzgerald, C. J. (2014). Susceptibility of Coconut Wood to Damage by 
Subterranean Termites (Isoptera: Mastotermitidae, Rhinotermitidae). Bioresources 9, 3132-
3142. 

Peters, B. C., Creffield, J. W., and Eldridge, R. H. (2002). Lyctine (Coleoptera: Bostrichidae) pests of 
timber in Australia: A literature review and susceptibility testing protocol. Australian 
Forestry 65, 107-119. 

Pfautsch, S., and Macfarlane, C. (2016). Comment on Wang et al. 'Quantifying sapwood width for 
three Australian native species using electrical resistivity tomography'. Ecohydrology 9, 894-
895. 

Pfautsch, S., Macfarlane, C., Ebdon, N., and Meder, R. (2012). Assessing sapwood depth and wood 
properties in Eucalyptus and Corymbia spp. using visual methods and near infrared 
spectroscopy (NIR). Trees-Structure and Function 26, 963-974. 

Plaschkies, K., Jacobs, K., Scheiding, W., and Melcher, E. (2014). Investigations on natural durability 
of important European wood species against wood decay fungi. Part 1: Laboratory tests. 
International Biodeterioration & Biodegradation 90, 52-56. 

Poke, F. S., Potts, B. M., Vaillancourt, R. E., and Raymond, C. A. (2006). Genetic parameters for lignin, 
extractives and decay in Eucalyptus globulus. Annals of Forest Science 63, 813-821. 

Poke, F. S., Wright, J. K., and Raymond, C. A. (2004). Predicting extractives and lignin contents in 
Eucalyptus globulus using near infrared reflectance analysis. Journal of Wood Chemistry and 
Technology 24, 55-67. 

Poole, B., Waugh, G., and Yang, J. L. (2014). "Potential for growing and processing durable eucalypts 
in New Zealand." Solid Wood Initiative, Rotorua. 

Pot, D., Chantre, G., Rozenberg, P., Rodrigues, J. C., Jones, G. L., Pereira, H., Hannrup, B., Cahalan, C., 
and Plomion, C. (2002). Genetic control of pulp and timber properties in maritime pine 
(Pinus pinaster Ait.). Annals of Forest Science 59, 563-575. 

Poynton, R. J. (1979a). Eucalyptus bosistoana F. Mueller. In "Tree Planting in Southern Africa: The 
eucalypts" (R. J. Poynton, ed.), pp. 101-106. Department of Forestry, South Africa. 

Poynton, R. J. (1979b). Eucalyptus globoidea Blakely. In "Tree Planting in Southern Africa: The 
eucalypts" (R. J. Poynton, ed.), pp. 316-324. Department of Forestry, South Africa. 

Poynton, R. J. (1979c). Eucalyptus quadrangulata Deane et Maiden. In "Tree Planting in Southern 
Africa: The eucalypts" (R. J. Poynton, ed.), pp. 652-657. Department of Forestry, South 
Africa. 

Poynton, R. J. (1979d). Eucalyptus sideroxylon A. Cunningham ex Woolls. In "Tree Planting in 
Southern Africa: The eucalypts" (R. J. Poynton, ed.), pp. 722-732. Department of Forestry, 
South Africa. 

Poynton, R. J. (1979e). "Tree Planting in Southern Africa. Vol 2: The eucalypts," Department of 
Forestry, South Africa. 

Raj, A., Sehgal, R. N., Sharma, K. R., and Sharma, P. K. (2010). Genetic variation in wood specific 
gravity among half-sib families of chir pine (Pinus roxburghii sargent). New Forests 40, 213-
227. 

Read, D. (2003). "Report on Copper, Chromium and Arsenic (CCA) Treated Timber." Environmental 
Risk Management Authority (ERMA) New Zealand. 

Richardson, B. A. (1993). "Wood preservation," E. & F.N. Spon, New York;London;. 
Riley, S. (2016). "Identification of issues and opportunities for LVL from NZ eucalypts." Speciality 

Wood Products Research Partnership, New Zealand. 



27 
 

Rink, G. (1987). Heartwood Color and Quantity Variation in a Young Black-Walnut Progeny Test. 
Wood and Fiber Science 19, 93-100. 

Rowe, J. W. (1989). "Natural products of woody plants," Springer Verlag, Berlin. 
Rowe, J. W., and Conner, A. H. (1979). Extractives in eastern hardwoods - A review. In "General 

Technical Report FPL 18", Vol. FPL 18, pp. 70. Forest products Laboratory, Forest Service, US 
Department of Agriculture, Madison, WI. 

Rudman, P. (1963). The causes of natural durability in timber - Part XI. Some tests on the fungi 
toxicity of wood extractives and related compounds. Holzforschung 17, 54-57. 

Scheffer, T. C., and Morell, J. J. (1998). "Natural durability of wood: a worldwide checklist of species." 
Forest Research Laboratory, Oregon State University, Corvallis. 

Schmidt, O. (2006). "Wood and Tree Fungi - Biology, Damage, Protection, and Use," Springer, Berlin 
Heidelberg. 

Schmidtling, R. C., and Amburgey, T. L. (1982). Genetic-Variation in Decay Susceptibility and Its 
Relationship to Growth and Specific-Gravity in Loblolly-Pine. Holzforschung 36, 159-161. 

Schultz, T. P., Harms, W. B., Fisher, T. H., McMurtrey, K. D., Minn, J., and Nicholas, D. D. (1995). 
Durability of angiosperm heartwood - the importance of extractives. Holzforschung 49, 29-
34. 

Sehlstedt-Persson, M., and Karlsson, O. (2010). NATURAL DURABILITY AND PHENOLIC CONTENT IN 
DRIED SCOTS PINE HEARTWOOD. Bioresources 5, 1126-1142. 

Sharma, M. (2013). New approaches to wood quality assessment, University of Canterbury, 
Christchurch, New Zealand. 

Sharma, M., McLaughlin, T., Altaner, C., Chauhan, S., and Walker, J. (2014). Developing a Quality 
Eucalypt Resource: a review of alternatives. In "Australian Forest Growers Biennial 
Conference ", Lismore, Australia, 26-29 Oct 2014. 

Shelton, T. G., and Grace, I. K. (2003). Termite physiology in relation to wood degradation and 
termite control. In "Wood Deterioration and Preservation: Advances in Our Changing World" 
(B. Goodell, D. D. Nicholas and T. P. Schultz, eds.), Vol. 845, pp. 242-252. Amer Chemical Soc, 
Washington. 

Sherrard, E. C., and Kurth, E. F. (1933). Distribution of extractive in redwood - Its relation to 
durability. Industrial and Engineering Chemistry 25, 300-302. 

Singh, T., and Singh, A. P. (2012). A review on natural products as wood protectant. Wood Science 
and Technology 46, 851-870. 

Solorzano Naranjo, S., Moya, R., and Chauhan, S. (2012). Early genetic evaluation of morphology and 
some wood properties of Tectona grandis L. clones. Silvae Genetica 61, 58-65. 

Stackpole, D. J., Vaillancourt, R. E., Alves, A., Rodrigues, J., and Potts, B. M. (2011). Genetic Variation 
in the Chemical Components of Eucalyptus globulus Wood. G3-Genes Genomes Genetics 1, 
151-159. 

Stirling, R., Morris, P. I., and Grace, J. K. (2015). Prediction of the Decay and Termite Resistance of 
Western Red Cedar Heartwood. Forest Products Journal 65, 84-92. 

Swan, B., and Akerblom, I. S. (1967). Wood extractives from Eucalyptus globulus Labill. Svensk 
Papperstidning-Nordisk Cellulosa 70, 239-244. 

Sykacek, E., Gierlinger, N., Wimmer, R., and Schwanninger, M. (2006). Prediction of natural durability 
of commercial available European and Siberian larch by near-infrared spectroscopy. 
Holzforschung 60, 643-647. 

Takahashi, K., and Mori, K. (2006). Relationships between blacking phenomenon and norlignans of 
sugi (Cryptomeria japonica) heartwood III: coloration of norlignans with alkaline treatment. 
Journal of Wood Science 52, 134-139. 

Takashima, Y., Tamura, A., Noseda, N., Tanabe, J., Makino, K., Ishiguri, F., Habu, N., Iizuka, K., and 
Yokota, S. (2015). Diversities of decay resistance and n-hexane-extractive contents in seven 
half-sib families from plus trees in todomatsu (Abies sachalinensis). Journal of Wood Science 
61, 192-198. 



28 
 

Tamura, A., Fujisawa, Y., Iizuka, K., and Kubota, M. (2005). Influence of heartwood extractives on 
carbon content variations among clones in the heartwood of Sugi (Cryptomeria japonica). 
Mokuzai Gakkaishi 51, 257-264. 

TAPPI (2007). Solvent Extractives of Wood and Pulp. Vol. T 204 cm. Technical Association of the Pulp 
and Paper Industry. 

Taylor, A. M., Baek, S. H., Jeong, M. K., and Nix, G. (2008a). Wood shrinkage prediction using NIR 
spectroscopy. Wood and Fiber Science 40, 301-307. 

Taylor, A. M., Freitag, C., Cadot, E., and Morrell, J. J. (2008b). Potential of near infrared spectroscopy 
to assess hot-water-soluble extractive content and decay resistance of a tropical hardwood. 
Holz Als Roh-Und Werkstoff 66, 107-111. 

Taylor, A. M., Gartner, B. L., and Morrell, J. J. (2002). Heartwood formation and natural durability - a 
review. Wood and Fiber Science 34, 587-611. 

Taylor, A. M., Labbé, N., and Noehmer, A. (2011). NIR-based prediction of extractives in American 
white oak heartwood. Holzforschung 65, 185-190. 

Thinley, C., Palmer, G., Vanclay, J. K., and Henson, M. (2005). Spiral and interlocking grain in 
Eucalyptus dunnii. Holz Als Roh-Und Werkstoff 63, 372-379. 

Toivanen, T. J., and Alen, R. (2007). A.FTIR/PLS method for determining variations in the chemical 
composition of birch (Betula pendula/B-publescens) stem wood. Appita Journal 60, 155-160. 

Townsend, T. G., and Solo-Gabriele, H., eds. (2006). "Environmental impacts of treated wood." 
CRC/Taylor&Francis, Boca Raton, FL. 

UNEP (2012). "Green Carbon, Black Trade: Illegal logging, tax fraud and laundering in the world's 
tropical forests." United Nations Environment Programme. 

Uner, B., Karaman, I., Tanriverdi, H., and Ozdemir, D. (2011). Determination of lignin and extractive 
content of Turkish Pine (Pinus brutia Ten.) trees using near infrared spectroscopy and 
multivariate calibration. Wood Science and Technology 45, 121-134. 

Venalainen, M., Harju, A. M., Nikkanen, T., Paajanen, L., Velling, P., and Viitanen, H. (2001). Genetic 
variation in the decay resistance of Siberian larch (Larix sibirica Ledeb.) wood. Holzforschung 
55, 1-6. 

Walker, J. (2006). "Primary wood processing. Principles and practice," 2nd/Ed. Springer, Dordrecht. 
Wang, H. L., Guan, H. D., Guyot, A., Simmons, C. T., and Lockington, D. A. (2016). Quantifying 

sapwood width for three Australian native species using electrical resistivity tomography. 
Ecohydrology 9, 83-92. 

Wang, Y.-S. (1992). Influence of extractives on bonding properties of white oak. Dissertation, Iowa 
State University. 

Wessels, C. B., Crafford, P. L., Du Toit, B., Grahn, T., Johansson, M., Lundqvist, S. O., Sall, H., and 
Seifert, T. (2016). Variation in physical and mechanical properties from three drought 
tolerant Eucalyptus species grown on the dry west coast of Southern Africa. European 
Journal of Wood and Wood Products 74, 563-575. 

Woeste, K. E. (2002). Heartwood production in a 35-year-old black walnut progeny test. Canadian 
Journal of Forest Research-Revue Canadienne De Recherche Forestiere 32, 177-181. 

Wong, A. H. H., Wilkes, J., and Heather, W. A. (1983). Influence of Wood Density and Extractives 
Content on the Decay Resistance of the Heartwood of Eucalyptus-Delegatensis Baker,R.T. 
Journal of the Institute of Wood Science 9, 261-263. 

Yu, Q. B., Yang, D. Q., Zhang, S. Y., Beaulieu, J., and Duchesne, I. (2003). Genetic variation in decay 
resistance and its correlation to wood density and growth in white spruce. Canadian Journal 
of Forest Research-Revue Canadienne De Recherche Forestiere 33, 2177-2183. 

Zabel, R. A., and Morrell, J. J. (1992). "Wood microbiology: decay and its prevention," Academic 
Press, San Diego. 

Zahri, S., Moubarik, A., Charrier, F., Chaix, G., Bailleres, H., Nepveu, G., and Charrier, B. (2008). 
Quantitative assessment of total phenol contents of European oak (Quercus petraea and 



29 
 

Quercus robur) by diffuse reflectance NIR spectroscopy on solid wood surfaces. 
Holzforschung 62, 679-687. 

Zavarin, E., and Smith, L. (1962). Processes underlying discoloration of redwood (Sequoia 
sempervirens) during drying and in use. Holzforschung 16, 11-17. 

Ziegler, H. (1968). Biological Aspects of Heartwood Formation. Holz Als Roh-Und Werkstoff 26, 61-68. 

 

 


