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Abstract 

The New Zealand Dryland Forest Initiative (NZDFI) is working to establish naturally durable 

eucalyptus plantations in New Zealand. The prioritized species is Eucalyptus bosistoana. A 

central focus is to identify high performing genetic material in a network of breeding trials. 

Although, heartwood is the main envisaged product, leaves could be used to produce essential 

oil as a by-product of these plantations. Essential oil quality is mainly determined by oil 

chemistry. The phytochemical composition of foliage can also have an effect on browsing 

damage and consequently tree health and profitability of such plantations.  

Chapter 1 gives an introduction in the history, chemistry, production and global market of 

eucalyptus essential oils. A review of NZDFI’s durable eucalyptus species indicated that E. 

bosistoana could be a species suitable for essential oil production.  

The development of an appropriate method for oil analysis is described in chapter 2. Of the 

three extractive methods tested, namely accelerated solvent extraction (ASE), hydro-

distillation and microwave solvent extraction (MSE), MSE was selected for this work due to 

its convenience. Ten major compounds (1,8-cineole, limonene, α-terpineol, α-pinene, 

aromadendrene, β-myrcene, caryophyllene, trans-pinocarveol, ocimene, linalool) were 

identified in the GC chromatograms of the eucalyptus oils. Chemical analyses of NZDFI’s 

species E. argophloia, E. globoidea, E. tricarpa, E. quadrangulata and E. sideroxylon and New 

Zealand’s commercially grown E. nitens confirmed that E. bosistoana has the highest oil yield 

(15.8 µL/g) and 1,8-cineole percentage (62%). The data also suggested the essential oil of E. 

bosistoana is different to that of the closely related E. argophloia.   

Chapter 3 investigates the seasonal variation of essential oil composition in mature and 

immature E. bosistoana leaves. Leaf oil was monitored for 2 years. The highest oil yield 

(average 16.7 µL/g) and percentage of 1,8-cineole (average 67.1%) were obtained from the 



xv 

 

leaves collected during summer while they were lowest during winter. Mature leaves contained 

a significantly higher (p ≤ 0.01) proportion of 1,8-cineole in (60.9%) than immature leaves 

(44.6%). Total oil yield ranged from 3.0 to 27.0 µL/g (fresh) in mature leaves and from 5.0 to 

26.7 µL/g (fresh) in immature leaves. Oil quality and quantity were comparable to literature 

reports. 

Genetic control of oil traits was investigated in chapter 4. Mature leaves of 8 year old E. 

bosistoana were collected from 1901 trees representing 85 families from one breeding trial. 20 

Compounds were quantified in these samples. Data on tree height and insect defoliation (health 

scores) were also available for 72 families in this trial. Heritability estimates (h2) of the 

quantified essential oil compounds ranged from 0.06 to 1.14, with the most abundant 

compounds 1,8-cineole, aromadendrene and unidentified compound 8 showing the highest h2 

of 0.78, 1.14 and 0.59, respectively. Total oil content had moderate 0.25 heritability.  

The negative correlation between total oil content and 1,8-cineol concentration at the 

phenotypic and genetic level (rp = -0.44 and rg = -0.70, respectively) implied that families with 

a higher quality oil have less oil in the leaves. 1,8-cineole was genetically strongly negatively 

correlated with myrcene (rg = -0.74), α-pinene (rg = -0.71), linalool (rg = -0.90), aromadendrene 

(rg = -0.94), trans-pinocarveol (rg = -0.75) and unknown compounds 3 (rg = -0.91), 6  (rg = -

0.83),  8 (rg = -0.88) and 9 (rg = -0.75). 19 Families had breeding values consistent with the 

standard commercial oil quality requirement of over 60% 1,8-cineole. The results show that 

planting stock could be selected from the E. bosistoana breeding programme which would aid 

essential oil production, as it is done for other eucalyptus species, i.e. E. polybractea.  

Oil traits did not correlate with tree height or insect defoliation and these traits were also not 

heritability in this assessment. However, the small number of individuals (n = 3) assessed for 
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those two traits was likely contributing to this results. Additional work is needed to investigate 

the correlation of those traits with oil characteristics. 

Chapter 5 considers economic aspects of essential oil production from New Zealand grown E. 

bosistoana. Leaf biomass was estimated using published allometric equations for other 

eucalypt species and validated with available E. bosistoana data. This indicated E. bosistoana 

leaf biomass could be comparable to that of E. globulus. A sensitivity analysis indicated that 

biomass, genetics, seasonal variation and fluctuations in oil prices were equally important on 

the viability of an essential oil operation. Potential small- (400 t fresh leaf/year) and large-scale 

(2000 t fresh leaf/year) oil production would be supported by NZDFI’s envisaged planting 

programme of 5,000 ha regional catchments. Small-scale oil production could be initiated using 

the leaves from thinning operations, and expand into a large-operation over time when trees 

will be harvested. Lastly, based on the operational costs of a domestic small-scale essential oil 

producer, oil value from E. bosistoana would exceed the cost of production.  
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1 Chapter 1: General Introduction 

 Eucalyptus in New Zealand 

The genus Eucalyptus represents approximately 900 species and subspecies (Barbosa et al., 

2016). It is one of the principle genera in the Myrtaceae family, mostly native to Australia but 

cultivated in many countries worldwide (Barbosa et al., 2016; Gilles et al., 2010). New 

Zealand’s first eucalypts plantations were established in 1830 (Barr, 1996). At that period, over 

100 species have been introduced from Tasmania, Victoria and New South Wales (Menzies, 

1995). Dominant species of the earliest plantations were E. globulus and E. viminalis. 

However, due to pest attacks and inadaptability to climatic conditions in many regions of New 

Zealand, those species have not survived (Fry, 1983; Weston, 1957). Although, over 150 

species have been grown in New Zealand, only about twenty have shown potential as plantation 

species (Colley, 2005). Eucalyptus plantations in New Zealand could be an alternative next to 

the dominant radiata pine forestry. Those plantations made up 0.8% of the total forest area of 

the 1.2 million ha on its North Island and 2.7% of the 0.5 million ha on its South Island of new 

Zealand as of April 2017 (MPI, 2018).  Most of those plantations were the non-durable species 

E. nitens, E. fastigata and E. regnans, which are used for short fibre pulp (Nicholas, 2017).  

 New Zealand Dryland Forests Initiative (NZDFI) 

There are eucalyptus species with good in-ground durability, suitable for making fence posts, 

poles and timber for other structural applications involving soil contact (Bush, 2011). The New 

Zealand Dryland Forests Initiative (NZDFI) has trialled more than 20 eucalyptus species, 

which feature durable hardwood combined with fast growth, straight stems, drought, frost and 

pest tolerance, vigorous coppicing, and good nectar production for bees. From those initial 
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trials the following species have been selected for NZDFI’s breeding programme (Ballekom & 

Millen, 2017): 

 Eucalyptus bosistoana  

 Eucalyptus globoidea 

 Eucalyptus quadrangulata 

 Eucalyptus argophloia 

 Eucalyptus tricarpa 

 

NZDFI’s plan is to establish up to 100,000 ha of these durable eucalypts in New Zealand’s 

drier and warmer east coast regions between 2020 and 2050 (Millen et al., 2018) to supply a 

hardwood industry producing post and poles for the agricultural sector as well as high stiffness 

veneers for laminated veneer lumber (LVL) (Millen et al., 2020a). Breeding trials began in 

2009 to select for growth and form, heartwood features, growth strain, and tree health. These 

trials offer an excellent opportunity to investigate essential oil/leaf extractives, which not only 

could add to the commercial viability of such plantations as a valuable by-product, but also 

could be correlated to tree health. 

  Eucalyptus bosistoana 

NZDFI’s primary focus is on E. bosistoana as it is included in durability class 1, lasting more 

than 25 years in-ground and more than 40 years above-ground (AS5604, 2005). Additionally 

the species comprises the following essential criteria: 

 individuals can grow tall and straight  

 fast growth 

 drought tolerant 
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 frost tolerant 

 pest tolerant 

 vigorous coppice  

 

E. bosistoana, commonly named Coast Grey Box or Gippsland Grey Box, largely occurs in 

New South Wales and Victoria, Australia (Bootle, 1983). It is the largest and most vigorous 

species in the box group of eucalyptus and trees can reach 50 to 60 m in height and 1.5 - 2 m 

in diameter. It has a straight trunk with a rough box type bark and its crown is small and 

compact (Poynton, 1979). Young leaves are petiolate and shapes vary from ovate to orbicular. 

Mature leaves are green in colour and alternative in arrangement, petiolate and lanceolate to 

narrow lanceolate shapes (Boland et al., 2006). E. bosistoana grows well in better quality soils 

such as deep loams. It prefers to grow in periodically waterlogged and slightly dry sites (Boland 

et al., 2006) (Figure 1.1).   

 

 

 

 

 

 

 

 

 

Figure 1.1. Herbarium specimens of different E. bosistoana foliage (Source: Seoljong Kim) 
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The species has not been extensively researched for biological activities or commercial 

purposes, but its timber was well regarded by settlers in Australia (Bootle, 2005).    

The name E. bosistoana is a felicitation for Joseph Bosisto (1824-1898), a pharmacist of 

Melbourne, Australia (Figure 1.2) who firstly realised the commercial export potential of 

eucalyptus oil (Anonymous, 2020). 

 

 

 

 

 

 

 

 Essential oil 

Essential oils are volatile oils and complex mixtures of natural compounds that have a 

characteristic odour and flavour. They are typically liquid at room temperature, less dense than 

water, colourless and have a high optical activity refractive index (Dhifi et al., 2016). The 

characteristic odours of plants are due to these volatiles. More than 17,000 plant species are 

regarded as aromatic and hence produce essential oils (Campolo et al., 2018). The dominant 

plant families which contain essential oils include Myrtaceae, Lauraceae, Rutaceae, 

Lamiaceae, Asteraceae, Zingiberaceae, Poaceae and Piperaceae (Dhifi et al., 2016).  

 

The secondary metabolite compounds, which constitute essential oils, are mostly produced by 

vegetative foliage rather than the woody parts of plants (Lawrencet, 2001). These parts could 

Figure 1.2.  Joseph Bosisto (1824-1898). Copyright (2019) by 

Parliament of Victoria, Australia  
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be leaves, flowers, roots, fruits, buds, bark etc. (Table 1.1). Essential oils are synthesized and 

accumulated in different structures such as secretory cavities (Myrtaceae, Rutaceae), secretory 

ducts, glandular trichomes (Lamiaceae), epidermic cells or resin ducts (Asteraceae, Apiaceae) 

(Barbosa et al., 2016).  

 

Table 1.1. Most common essential oil producing plants (FAO, 1995)  

 

 

 

 

 

 

 Chemistry of eucalypts essential oil 

Essential oils can contain several hundred different low molecular weight compounds. 

Eucalyptus oils are liquid in nature, they are hydrophobic, less soluble in water, dissolve in 

alcohol and are non to moderately polar (Barbosa et al., 2016). The main components of 

eucalypts essential oil are terpenes and eucalypts oil contain over 100 different terpenes. All 

terpenes have a common biosynthetic origin and the basic unit is the isoprene molecule (C5H8) 

(Newman, 1972).  Most abundant terpenoid classes are mono- (boiling point 140 -180 °C) and 

sesquiterpenes (boiling point ˃200 °C), which are built from combining two (mono-) or three 

(sesqui-) isoprene units. These can be further divided into monocyclic (e.g. 1,8-cineole, 

limonene) and bicyclic (e.g. α- and β-pinene) terpenes (Harborne, 1973), but also simple 

unsaturated hydrocarbons or alcohols, aldehydes or ketones such as p-cymene, citronellal, α- 

and β-phellandrene, trans-pinocarveol, α-terpineol, α-thujene and others (Dhifi et al., 2016).   

Plant  Tissue 

Lemon, lime, orange, tangerine, mandarin Fruit peel 

Cinnamon Bark 

Citronella, eucalyptus, lemongrass, palmarosa, tea tree Leaves 

Geranium, rosemary, lavender, peppermint Entire plant 

Ginger, turmeric Underground stem 

Jasmine, rose Flowers 
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The terpenoid profiles of over 600 eucalyptus species have been documented revealing great 

quantitative and qualitative variation within and between species (Finnemore, 1926; Macedo 

et al., 2009; Vilela et al., 2009). 1,8-Cineole and α-pinene are the dominant compounds in many 

eucalyptus species. Generally, the amount of 1,8-cineole in eucalyptus leaves ranges between 

10-90%, while the α-pinene content is less than 20% (Zhang et al., 2010). The 1,8-cineole 

percentage was reported to be greater than 70% in the essential oil of E. globulus (Macedo et 

al., 2009; Vilela et al., 2009; Yang et al., 2004)  and 90% in the mallee species E. polybractea 

and E. kochii (Brooker et al., 1988; Goodger et al., 2007), while no 1,8-cineole was found in 

E. terecornis and E. robusta leaves (Cimanga et al., 2002).  

Several studies have suggested that the bioactivity of the eucalyptus essential oils is mostly 

correlated with 1,8-cineole content (Mulyaningsih et al., 2010; Sartorelli et al., 2007; Soliman 

et al., 2014). But other compounds such as limonene, linalool, α-pinene, p-cymene, α-terpineol, 

aromadendrene  may also contribute (Coppen & Hone, 1992; Leicach et al., 2012) (Figure 1.3). 

These oils have been shown to act as chemical defences against insect pests (Jemâa et al., 

2012), herbivores (O'Reilly-Wapstara. et al., 2004) and pathogenic microorganisms (Cimanga 

et al., 2002; Takahashi et al., 2004). Moreover, eucalyptus oils are effective on weeds and crops 

(Batish et al., 2004). They also have medicinal properties such as anti-inflammatory, 

antioxidant, analgesic, antirheumatic, antiseptic, antispasmodic and spasmolytic (Barbosa et 

al., 2016; Zhang et al., 2010). 
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               Figure 1.3:  Chemical structures of bioactive terpenes of eucalyptus oil  

 

Only few data have been published on the chemical composition of E. bosistoana foliage 

(Table 1.2).  
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Table 1.2. Characteristic constituents of the essential oil of E. bosistoana 

 

 Eucalyptus essential oil history  

Eucalyptus oil was the first Australian indigenous commercial export product in the early years 

of European settlement. Distillation experiments on eucalyptus oil were reported first in 1788 

for Sydney Peppermint, E. piperita (Penfold & Willis, 1954). Irish surgeons, Dennis Considen 

and John White distilled E. piperita oil to treat the ailments of convicts and marines in the First 

Fleet (Lassak & McCarthy, 1983). But the process was not continued until 1850s. German 

botanist, Ferdinand von Mueller first promoted eucalypts medicinal properties and fortified 

Joseph Bosisto, a pharmacist of Melbourne, Australia, in 1852, who first produced eucalyptus 

oil commercially and exported it to Europe (Dellacassa & Moyna, 1992; Grieve, 2013). At the 

same time, the major component of E. globulus essential oil was identified as eucalyptol by the 

French chemist Francois Stanislas Cloez in 1870, which was later named to be 1,8-cineole. In 

honour of this work a eucalyptus species, E. cloeziana, was named after him (Boland et al., 

Oil yield 

(%w/w dry) 

Characteristic constituents Reference 

1-1.5 1,8-cineole (60-80%), terpineol, sesquiterpenes, 

aldehydes, α-pinene (6%), β-phellandrene (7%), 

limonene 

Boland et al. (1991) 

0.5-1.1 1,8-cineole (8-65%), p-cymene (3-40%), Cryptone (1-

14%), terpineol,  α-pinene (6%), phellandrene (0.7-

2.1%), limonene (0.8-2.6%) 

Bouzabata et al. (2014) 

1.8 1,8-cineole (59%), α-pinene (14.2%), β-pinene (0.4%),  

p-cymene (0.1%), α, β-eudesmol, α-terpineol (6.9%),  

limonene (4.5%), sesquiterpenes (4%) 

Faria et al. (2011) 

3.7-4.2 1,8-cineole (79%), α-pinene (6.1%), β-pinene (0.4%),  

p-cymene (1.5%), α-terpineol (7.3%), linalool (0.4%), 

trans-pinocarveol (7.2%), aromadendrene (2.2%) 

Zrira and Benjilali 

(1996) 
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1991). In 1920, Baker and Smith isolated 40 different constituents from eucalyptus oils (Baker 

& Smith, 1920), prematurely concluding that the oil composition within a species was constant.  

Australia’s average annual production of eucalyptus essential oil in 1940-1950 was more than 

1000 t. This industry declined by 85% to fewer than 150 t per year in the last 30-40 years 

(Anonymous, 2016). 

 Eucalyptus oil in the global market 

Over 3000 types of essential oils from different genera have been identified and approximately 

300 types are used for commercial purposes. The main genera that provide essential oils to the 

global market (more than 1000 t/year) are Citrus, Mentha (peppermint oil), Cymbopogon 

(lemon grass oil) and Eucalyptus (Barbieri & Borsotto, 2018). 

Although more than 600 eucalyptus species have been analyzed for the essential oil in their 

vegetative parts, less than 20 of them have been used for commercial purposes (Coppen & 

Hone, 1992). Usage of these oils can be divided into three broad categories, namely, medicinal, 

perfumery and industrial, each of which comprising various applications (Table 1.3) (FAO, 

1995). 

For commercial purposes, the quality of the eucalyptus essential oils is governed by the 

proportion of 1,8-cineole. 1,8-Cineole content of high quality essential oil should be not less 

than 55% (Finnemore, 1926), while the international standards specify 1,8-cineole content of 

70% (FAO, 1995; ISO770:2002, 2002). Other chemical constituents that also determine the 

quality of oil are α-pinene, limonene, terpineol, p-cymene, aromadendrene (Table 1.4). 

Phellandrene should not be present in the better quality pharmaceutical grade eucalyptus oil  

(Brown et al., 1912; Coppen & Hone, 1992). Presence of higher concentrations of phellandrene 

may cause noxious to the heart (Penfold, 1934). 
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Table 1.3: Commercial applications of eucalyptus oil (FAO, 1995) 

 Category Applications 

Medicinal 

(Pharmaceutical) 

Anaesthetic, anodyne, antiperiodic, antiphlogistic, 

antiseptic, astringent, deodorant, diaphoretic, 

disinfectant, expectorant, febrifuge, fumigant, 

haemostat, inhalant, insect repellent, preventative, 

rubefacient, sedative, suppurative, tonic, and 

vermifuge 

Perfumery Aromatherapy, scenting spays and soaps 

Industrial Pesticides, herbicides, laundry, personal hygiene, 

insect repellents, household disinfectants  

 

Typically, fresh or moderately dried leaves are used to extract essential oil using steam 

distillation. Yields range from 1-2.5% of fresh weight (Hamir Singh & Leo, 2017). In Australia, 

E. polybractea is grown and bred especially for essential oil production. It is a small tree with 

mallee type growth. Its essential oils contain 65-95% 1,8-cineole (Boland et al., 1991; Wildy 

et al., 2000). More than half of the Australian essential oil exports are based on E. polybractea 

(Fernando et al., 2019).   

The annual global production of medicinal type eucalyptus oil has estimated in 1991 to be 

around 3,500 t, dominated by China (3,000 t), South Africa (250 t) and Australia (100 t) (FAO, 

1995). However, by 2007, 1,8-cineole rich eucalyptus oil production in South Africa had 

dropped to 140 t while production in India and Australia raised to 400 t and 260 t, respectively. 
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Table 1.4: Major compounds and their properties of commercial grade eucalyptus oil  

(Singh & Leo, 2017) 

 

 

Chinese production includes 1,300-1,500 t of medicinal oil from E. globulus and 200-300 t of 

perfumery oil from E. citriodora (Yeung, 2005). A more recent record indicated that China 

produces approximately 17,000 t/year of essential oil from E. globulus which around 10,000 t 

have been used to export in 2015 (IFEAT, 2017). Remarkably, Chinese production has been 

raised by 10 folds in 10 years. Due to its abundance and high proportion of 1,8-cineole in the 

leaves, E. globulus is the main source of the Chinese essential oil production to the global 

market. E. globulus is broadly utilized in the global pulp and paper industry and essential oil 

productions as a byproduct (FAO, 1995). Further, China was the dominant supplier to the E. 

citriodora oil market in 1995. At present, Brazil supplies over 65% E. citriodora oil to the 

global market (~330 t) (IFEAT, 2016). E. citriodora oil is mainly used in the perfumery 

industry.  

Compound Properties 

1,8-Cineole (Eucalyptol) 

 

Monocyclic mono terpene, colourless, light fresh fragrance, 

spicy aroma, pharmaceutical grade oil requires 70% 

α-Pinene Bicyclic monoterpene hydrocarbon, resinous-pine odour, 

used in flavours and perfumery, pharmaceutical grade 

eucalyptus oil contain up to 9% 

Limonene Monocyclic monoterpene hydrocarbon, citrus odour, strong 

ability to remove oil and grease, commercial grade oil 

contain up to 12% 

α-Terpineol Monocyclic monoterpene, lilac odour, commonly used in 

perfumery and cosmetic industry 

p-Cymene Monocyclic monoterpene, strong aroma odour, antioxidant, 

mainly used for medicines and fragrances  

Aromadendrene 

 

Tricyclic sesquiterpene, woody odour, disinfectant, strong 

antimicrobial properties 

Eudesmol Bicyclic sesquiterpene, strong antimicrobial properties 
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The biggest importer of cineole rich eucalypts oils is Europe, mainly Portugal and Spain (FAO, 

1995). But industries requiring eucalyptus essential oils for the production of commercial 

products are located in North America, Latin America, Europe, Asia Pacific and Middle East 

countries (FAO, 1995; Mude, 1995). Since some of these countries (mainly in North America 

and Western Europe) do not have significant eucalyptus oil resources, they mainly depend on 

imports from China (Anonymous, 2016).  

The global eucalyptus oil market was projected to increase from 270 million USD in 2017 to 

430 million USD by 2025 (Anonymous, 2019).   

Eucalyptus species, their yield and 1,8-cineole concentration that are commonly used for 

commercial oil production and the producing countries are listed in Table 1.5.  

 Eucalyptus oil glands 

Eucalyptus oil glands are sub dermal secretory cavities that are fully or partially embedded into 

the mesophyll of leaves (Figure 1.4). They are developing schizogenously in intercellular 

spaces of the leaves, breaking the common wall of adjoined cells. Several non-pigmented 

overlapping secretory cell layers covered by epithelial cells surround the central cavity (Carr 

& Carr, 1970). The secretory cavities of E. polybractea are abundant, reaching up to 10,000 

per leaf and their size is up to 6 nL large. Additionally to the common volatiles, these glands 

are rich with some immiscible non-volatiles such as oleuropeic acid and glucose esters (Heskes 

et al., 2012). The shape of the eucalyptus oil glands can be spherical or irregular shaped and of 

varying size. This variation is found within and between species (Brooker & Nicolle, 2013; 

List et al., 1995). 
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Table 1.5: Overview of eucalypts species used for commercial essential oil production 

(Baker & Smith, 1920; Boland et al., 1991; FAO, 1995; Kelly et al., 1983) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Carr and Carr (1970) reported that the total number of oil glands per leaf area increased with 

leaf and tree age. When leaves become fully mature, oil gland formation ceased. The gland size 

corresponded to stomatal size. However, in E. polybractea, the amount of essential oil 

produced from a particular leaf neither correlated to the total volume of oil glands nor the 

number of oil glands per leaf (Goodger & Woodrow, 2012).  

 

 

Species Oil yield as % 

w/w (fresh) 

 1,8-cineole 

content (%) 

Country 

E. globulus 0.7-2.4 60-85 China, Portugal, 

Spain, India, Brazil  

E. smithii 1.0-2.2 70-80 South Africa, 

Swaziland 

E. polybractea  0.7-5.0 60-93 Australia 

E. radiata 2.5-3.5 65-75 Australia, South 

Africa 

E. dives 3.0-6.0 60-75 Australia 

E. leucoxyclon 0.8-2.5 65-75 Australia 

E. sideroxylon 0.5-2.5 60-75 Australia 

E. citriodora 0.5-4.2 20-35 

(Citronellal 65-80) 

China, Brazil, India 

E. staigeriana 1.2-3.5 10-15  

(Limonene 20-35) 

Brazil 

E. dives 3.0-6.0 60-75 Australia 

E. radiata 2.5-3.5 65-75 Australia 



14 

 

Figure 1.4: Transverse view of oil glands in a eucalyptus leaf (Elfick, 2018) 

 

A qualitatively uniform collection of compounds is secreted by the oil glands in a plant. 

Variation can be significant between the relative concentration of each component that 

discharged by secretory cavities. There is also a slight variability of these compounds among 

the leaves within a plant (King et al., 2006). An E. polybractea oil gland holds in average 

867±48 (SE) ng of total oil, made up of 41 compounds with monoterpenes accounting for 70.4-

99.2%. 1,8-Cineole was the principal component with an average of 67.3%. The total number 

of oil glands ranged from 3071 to 3260 per leaf (King et al., 2006).    

 

 Essential oil extraction 

 Laboratory methods 

Various extraction methods for essential oils from leaves are available. Commonly used classic 

techniques include steam distillation, hydro-distillation and soxhlet extraction (Seid et al., 

2014). More modern techniques are cold pressing, microwave extraction, supercritical fluid 

extraction (SFE) and turbo extraction (Jain, 2013).  
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 Steam distillation 

In the steam distillation process, dry steam is passing through the plant material and driving 

the oil from the tissue. The mixture of steam and volatile oil is passed through a condenser and 

the liquid blend of oil and water is collected (Tongnuanchan & Benjakul, 2014). Hydro-

distillation, soxhlet extraction and hydro-diffusion are similar to steam distillation and follow 

the same principle. Although, steam and hydro-distillation are the most common methods to 

extract essential oils, their high temperature can lead to chemical alteration or decomposition 

of some phytochemicals. The loss of active volatile compounds can reduce the quantity and 

alter the composition of the oil. Compared to techniques such as microwave extraction or 

supercritical fluid extraction, these distillation processes are time consuming (Lucchesi et al., 

2004).  

 Solvent extraction 

Solvent extraction can be used for compounds that are not heat stable. Suitable organic solvents 

include ethanol, methanol, acetone, petroleum ether or hexane suitable (Tongnuanchan & 

Benjakul, 2014; Zhang et al., 2018). Generally, the solvent is mixed with the plant material, 

allowing essential oil components to dissolve over time and subsequently recovered by 

filtration (Tongnuanchan & Benjakul, 2014). This method is useful in the field, facilitating the 

handling of large number of samples (Ammon et al., 1985).   

 Microwave extraction 

Compare to other classic extraction methods, microwave extraction is quick and uses less 

solvent, time, heat and energy. It has become a standard method for essential oil analysis 

(Lucchesi et al., 2004). Southwell et al. (1995), introduced a rapid and easy microwave 

extraction method for the analysis of tea tree oil. Immersion of plant material in ethanol at room 

temperature for 30-40 h was reduced to 1 h when applying microwave radiation for 10 s 

(Brophy et al., 1989). The extraction procedure also provided a more reliable estimation of the 
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oil constituents. A comparative experiment of microwave extraction and hydro-distillation of 

E. citriodora leaves showed that microwave extraction yielded with 1.2% w/w slightly more 

oil than hydro-distillation (0.91% w/w) (Soet, 2013). Another study has been carried out by 

Berka-Zougali et al. (2012) for the extractives of Myrtus communis leaves using solvent free 

microwave extraction (SFME). While the total oil yields were comparable, solvent free 

microwave extraction generated 57.1% of oxygenated monoterpenes including 1,8-cineole 

compared to 40.3% obtained by hydro-distillation. The influence of plant material to solvent 

ratio, microwave dosage and exposure time on E. globulus leaf extractives has been evaluated 

using ethanol as the solvent. The highest concentrations of α-pinene, limonene, 1,8-cineole, 

camphene, p-cymene and terpenene (total oil 4.5 mg/g) were obtained with a ratio of 6 g of 

fresh leaves for 100 mL ethanol at 3 min exposure time with the power of 1000 W (Saoud et 

al., 2006).  

 Industrial essential oil production 

Large scale industrial essential oil production is mainly based on steam distillation. The world’s 

first large scale industrial eucalyptus oil production commenced in 1880s in north-western 

Victoria, Australia by the operational guidance of Joseph Bosisto after seventeen exhibitions 

of E. radiata oil (Boland et al., 1991). In 1902, “Field still plants” were established in the field 

for oil extractions which performed steam or water distillation in 7500 to 19000 L tanks, 

holding  ~4.5 t of leaf material (Baker & Smith, 1902) (Figure 1.5). The plant material was 

collected from native forests.  
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Figure 1.5: Historical eucalyptus oil production in Australia (Penfold & Willis, 1954). 

Copyright (1954) by New York Botanical Garden Press 

 

At present, agricultural harvesters are used to collect leaves of many aromatic plants. These 

systems are also used for mallee type eucalypt plantations dedicated for essential oil 

production, such as E. polybractea in Australia (Figure 1.6). However, this is not possible if 

tress are grown for timber, in which case leaves become available during pruning or tree 

harvesting operations.  

Modified oil distilleries (Figure 1.7) were established as machineries which operate with 

modern techniques such as microwave technology, hydro-diffusion (Vian et al., 2008) and 

supercritical fluid extraction (Reverchon & Senatore, 1992). The modifications intend to 

improve oil quality mainly by reducing the extraction temperature. Other aspects consider the 

removal of toxic residues, minimizing process time and energy consumption as well as 

increasing efficacy (Aziz et al., 2018). Although various methods have been introduced to the 

large scale production industry, the classic distillation techniques (steam distillation and hydro 

distillation) are used for more than 93% of the global essential oil extractions (Masango, 2001).  
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Figure 1.6: Harvesting of eucalypts leaves from plantations dedicated to commercial oil 

production (Anonymous, 2015). Copyright (2015) by Emu Ridge Eucalyptus 

 

 

 

 

 

 

 

Figure 1.7: Large scale steam distillation unit for commercial essential oil production 

(Ebinger, 2017). Copyright (2017) by OilyFamily.net 
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 Objectives  

The overall objective was to investigate the potential of essential oil production as a by-product 

from a naturally durable eucalyptus estates in New Zealand. In order to achieve this; 

(a) an analytical method for analysis of the essential oils was developed,  

(b) the seasonal impact on the essential oil yield and composition of mature and immature 

E. bosistoana leaves was investigated, 

(c) genetic parameters of the E. bosistoana leaf oil traits were determined, and 

(d) economic aspects of E. bosistoana essential oil production were outlined.  
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2 Chapter 2: Method development 

 Introduction 

Plant extracts comprise numerous bioactive components such as alkaloids, flavonoids and 

terpenoids (Harborne, 1973). Generally, mono and sesquiterpenoids are the main constituents 

of biologically active essential oils (Tongnuanchan & Benjakul, 2014). In eucalyptus essential 

oils, terpenoids make up more than 90% of the total phytochemicals (Zhang et al., 2010). In 

order to select the right species or plant to use for an essential oil industry, understanding its 

chemical composition is useful as the essential oil quality is determined by the nature of the 

components. Further, the extraction method influences the essential oil composition, e.g. some 

components can evaporate at high temperature (Wang et al., 2003). Consequently, an 

appropriate analysis technique not only needs to reliably quantify terpenoids, but also to 

consider the extraction method (Masango, 2001).   

 Pre-extraction 

Leaves are used as the raw material for eucalyptus essential oil extraction. The initial stage of 

essential oil extraction is preparing plant material (Jain, 2013; Masango, 2001). In principle, 

dried or fresh plant material can be used. However, volatile compounds will be lost during 

oven, air or vacuum drying (Ammon et al., 1985; El-Gohary et al., 2018). Leaves can be used 

as bulk with petioles (Doran et al., 1998; Wildy et al., 2000), as individual leaves (Bouzabata 

et al., 2014), as pieces of leaves (Li et al., 1994; Yatagai & Takahashi, 1984) or as powder 

(Goodger & Woodrow, 2012; Karamian et al., 2015). Smaller particle size ensures more 

exposure to the solvent and hence higher extraction rates (Makanjuola, 2017; Pandey & 

Tripathi, 2014).  
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 Extraction process 

Criteria to choose an extraction method include, sample type (leaves, flowers fruits, etc.), 

nature of the phytochemicals and the requirements on the extract (Aziz et al., 2018; Zhang et 

al., 2018). Distillation methods are common, but due to the high temperature, volatiles can 

deteriorate. On the other hand, they allow the extraction of large quantities of raw material, 

making them the common choice for industrial scale application (Zhang et al., 2018). Vice 

versa, it is difficult to analyse a large number of samples by distillation due to the time and 

resources required, hence they are not ideal for many research projects.  

Organic solvent extraction can be used as an alternative quick method for small scale 

extractions in laboratory experiments. The organic solvent should have several properties 

including, low toxicity, ease of evaporation at low heat, promotion of rapid absorption of the 

extract, preserving action and inability to cause the extract to decompose (Visht & Chaturvedi, 

2012; Zhang et al., 2018). Commonly used solvents are ethanol, methanol, acetone, petroleum 

ether or hexane (Zhang et al., 2018). Solvent extraction is not appropriate for large scale 

essential oil extractions at industrial scale, as large quantities of organic solvent are needed and 

incomplete removal results in a solvent residue in the final product (Tongnuanchan & Benjakul, 

2014).  

 Analysis of essential oils by Gas Chromatography (GC) 

Chromatographic techniques are the most common methods to analyse essential oils. They 

allow the separation, identification and quantification of compounds. GC has been applied to 

analyse the chemical compounds in essential oils since the early stages of its development 

(Niessen, 2001). In particular, GC is well suited to analyse small hydrophobic, volatile 

compounds such as terpenes in essential oils (Karasek & Clement, 2012). In GC, a mobile gas 

phase, called a carrier gas and typically hydrogen, nitrogen or helium, transports vaporised 
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compounds at elevated temperature through a separation tube, called a column, which contains 

a polymeric liquid or solid stationary phase. Compounds interact differently with the stationary 

phase, i.e. need different time to pass by the stationary phase, and are separated (Grob & Barry, 

2004). Once the compounds have passed through the column, they need to be detected (Figure 

2.1). Commonly used detectors are flame ionization detectors (FID) or mass spectrometers 

(MS) (Bendaoud et al., 2009; Boukhatem et al., 2014). For these detectors, the separated 

compounds are ionised in a hydrogen/air flame. The charged ions cause an electric flow 

between the electrodes in FID (Grob & Barry, 2004). In a MS detector, the ionized molecule 

fragments are separated in an electric field based on their mass to charge ratios (m/z) before 

detection (Krone et al., 2010). The MS detector captures the ion mass spectrum, which is 

characteristic for individual compounds and allows their identification, typically through 

comparison with a database.  

 

 

 

 

 

 

Figure 2.1: Schematic diagram of Gas Chromatography 

High Performance Liquid Chromatography (HPLC) is suitable for polar, non-volatile 

compounds like sugars or hydroxyl-carboxylic acids. It is generally not used to analyse the 

volatile fraction of essential oils (Grob & Barry, 2004). Reversed phase HPLC, for example, 

has been used to analyse non-volatile gallic acid, ellagic acid, 3-O-β-D-glucuronides of 
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quercetin, kaempferol and oenothein B in two commercial E. globulus leaf extractions 

(Amakura et al., 2009)   

Successful quantification of the volatile components by GC requires well resolved and 

separated peaks with good signal-noise ratio and horizontal base lines (Marriott et al., 2001). 

Optimizing a method in GC for a better separation of peaks in a short time can be accomplished 

either by changing column parameters or by changing operational conditions such as sample 

injection, carrier gas, flow rate and temperature programming (including injector and detector 

temperature) (Maštovská et al., 2001; Singh et al., 2013).  

 Stationary phase 

The basic principle of chromatography is the varying affinity of molecules to the stationary 

phase in the column, hence separation of compounds occurs in the column. The type of the 

stationary phase, column internal diameter, length and the film thickness affect this interaction 

and consequently separation (Dettmer-Wilde & Engewald, 2014; Singh et al., 2013). Both non-

polar, e.g. DB-5 and polar, e.g. DB-wax columns (Agilent, n.d.-a) have been used to analyse 

the constituents of eucalyptus essential oils (Liu et al., 2003; Naspi et al., 2018). The polar DB-

wax column works well for volatile aromatic compounds as its lower temperature limit 

enhances the resolution of the compound peaks with low boiling point (Agilent, n.d.-b).   

    Oven temperature programming 

The oven temperature greatly affects for the chromatographic separation. Temperature changes 

cause significant changes in retention times, peak resolution and peak shapes. Oven 

temperature programmes typically consider initial oven temperature, hold time, heating rate 

and final temperature. Commonly, trial and error is involved while optimizing the temperature 

programme (Singh et al., 2013). Reducing the initial temperature, increasing initial hold time 

and having a linear ramp from the initial to final temperature generally improves peak 

separation as well as resolution (Agilent, 2007; Hinshaw  & Seferovic, 1986; Rood, 1998). For 
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split-less injections, the initial oven temperature should be at least 20°C below the boiling point 

of the sample solvent. Solvent will condense at the front of the column by starting the oven 

temperature below the boiling point. This will provide a narrow solvent peak (Waclaski, 2018). 

Peak resolution can be altered by the ramp rate. Generally, 3-5°C/min ramping rates are used 

for the early and middle portions of chromatogram. Final temperature and hold time should be 

sufficient to ensure the elution of all compounds. Otherwise the column will be contaminated 

by the remaining substances in the subsequent injection (Agilent, 2007; Hinshaw, 2015). 

  

 Methodology 

 GC instrument 

An Agilent Technologies GC system model 7820A equipped with automatic liquid sampler 

and FID was used to characterize the essential oil constituents (Figure 2.2). The instrument 

control and data analysis were conducted using Chemstation software (Agilent Technologies).    

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Agilent GC-FID system used in the study 
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GC/MS analysis was carried out with Shimadzu GCMS-QP2010 in conjunction with the 

GCMSsolution software (Figure 2.3).    

 

Figure 2.3: Shimadzu GCMS system 

 

 Chemicals and reagents 

Analytical grade ethanol, internal standards n-hexadecane and tridecane, and standards of 

major components of eucalyptus essential oil, 1,8-cineole, limonene, phellandrene, p-cymene, 

α-terpeneol, α-pinene, aromadendrene, β-myrcene, caryophyllene, trans-pinocarveol, ocimene 

and linalool were purchased from Sigma Aldrich, New Zealand.   

 Selection of extraction method 

E. bosistoana leaves were collected from different trees of unknown progeny and coppiced in 

planter bags at the School of Forestry, Christchurch, New Zealand to extract essential oils using 

three different methods for comparison: accelerated solvent extraction (ASE), microwave 

solvent extraction (MSE) and hydro-distillation. 
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 ASE 

10 g of fresh leaves were cut into small pieces (~3 x 3 mm) and placed into a 33 mL stainless 

steel extraction cell of an ASE350 extraction system (Thermo Scientific). Three extractions 

were carried out at 110°C for 15 min using ethanol as the solvent. The extract was then filtered 

through syringe filters (13 mm, 0.45 µm, PTFE) and 10 µL of n-hexadecane was added to 40 

mL of extract as internal standard. 1 mL of the mixture was transferred into a vial for GC 

analysis. 

 MSE 

1 g of freshly cut leaves was placed into a 10 mL sealable plastic vial and immersed in 2 mL 

of ethanol, which contained 0.025% n-hexadecane as internal standard. After 1 h, the samples 

were microwaved for 10 s in a microwave oven set at 1000 W. The extracts were then filtered 

(13 mm, 0.45 µm, PTFE) and transferred into a vial for GC analysis. 

 Hydro-distillation  

Extraction was carried out with 500 mL distilled water and 100 g fresh E. bosistoana leaves 

cut into small pieces, using a Clevenger-type apparatus. The oil phase was separated into 10 

mL of dichloromethane (CH2Cl2) with a separator funnel. 999 µL of sample was then filtered 

(13 mm, 0.45 µm, PTFE) and transferred into a vial and 1 µL of n-hexadecane was added to 

GC vial as internal standard. 

 GC analysis 

Samples of the extract of the different methods were analysed with GC conditions summarised 

under ‘method 1’ described in Table 2.1. 
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 Optimising GC for E. bosistoana essential oil analysis 

Table 2.1 lists the trialled temperature programmes and columns to optimize the separation of 

E. bosistoana essential oil compounds. MSE extracts (2.2.3.2) were used. The non-polar 

Agilent DB-5 fused silica gel capillary column (30 m x 0.320 mm x 0.25 μm) was used for 

methods 1-5 and the polar Agilent DB-wax polyethylene glycol (PEG) column (30 m x 0.250 

mm x 0.25 μm) was used for methods 6-13. Injection was split-less and the injection volume 

was 1 µL.  

 Accuracy of GC analysis of essential oil  

One ASE extraction was carried out using 10 g of leaves collected from one plant as described 

in 2.2.3.1. This extract was divided into six GC vials and analysed by GC described in method 

10 (Table 2.1). One vial was injected five times and the other five vials one time. The GC 

column was then changed to a DB-wax and the procedure was repeated. The relative standard 

deviation (RSD) was calculated for the area of major selected peaks according to the following 

equation:  

RSD =
Standard Deviation X 100

Mean
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Table 2.1: Oven temperature programmes and columns tested for separation of E. bosistoana 

essential oil components in GC 

 

Method 
Rate 

(°C/min) 
Value (°C) 

Hold time 

(min) 

Total run 

time (min) 

 

Column 

1 

Initial 50 0.5 

17.4 DB-5 
50 100 0.5 

10 180 0.5 

50 300 4.5 

2   

Initial 35 3 

43 DB-5 
 3 70 0.5 

5 110 0.5 

15 250 10 

3 

Initial 60 4 

65.1 DB-5 4 220 15 

50 300 4.5 

 4 

Initial 40 3 

60.9 DB-5 5 250 10 

50 180 4.5 

 5 

Initial 70 2 

35.2 DB-5 
20 210 0.5 

10 290 13 

50 300 4.5 

 6 

Initial 60 10 

48.6 DB-wax 5 220 0.5 

50 300 4.5 

7 

Initial 40 3 

42 DB-wax 2 100 0.5 

50 300 4.5 

8 

Initial 40 3 

32 DB-wax 3 100 0.5 

50 300 4.5 

 9 

Initial 40 3 

27 DB-wax 4 100 0.5 

50 300 4.5 

10 

Initial 35 3 

46.3 DB-wax 
3 70 0.5 

5 110 0.5 

15 300 10 

11 

Initial 40 3 

29.9 

DB-wax 

 

 

2 80 0.5 

50 300 2 
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12 

Initial 50 3 

24.9 DB-wax  2 80 0.5 

 50 300 2 

13 

Initial 35 3 

29.3 DB-wax 
3 70 0.5 

5 110 0.5 

50 240 3 

 

 Mass spectrometry (MS) 

The major oil constituents 1,8-cineole, limonene, α-terpineol, phellandrene, p-cymene, α-

pinene, aromadendrene, β-myrcene, caryophyllene, trans-pinocarveol, ocimene and linalool 

were identified first by retention time of the pure standard compounds in GC-FID. These peak 

assignments were then confirmed by mass spectrometry. A GC/MS fitted with a less polar Rtx-

5MS (30 m x 0.25 mm x 0.25 μm) column and running temperature programme detailed under 

test 13 (Table 2.1) was used to record mass spectra at 100 eV and a mass range from m/z 50 to 

400 amu.  

 Quantification of compounds 

In order to quantifying total oil and individual compounds of the essential oil, calibration curves 

were generated by using normalized peak areas of standard compounds to internal standards 

(n-hexadecane and tridecane). Concentration series (0.01, 0.025, 0.05, 0.1, 0.2, 0.5%) of 

standard mixtures containing 1,8-cineole, limonene, α-terpineol, α-pinene, aromadendrene, β-

myrcene, caryophyllene, trans-pinocarveol, ocimene and linalool were prepared by adding 

0.025% internal standard to the mixture. The response factor from the linear regression of each 

standard was used to calculate the amount of the compound in the sample chromatograms.  
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 Comparison with other eucalyptus species 

Leaf essential oil of seven eucalyptus species, E. argophloia, E. nitens, E. globoidea, E. 

tricarpa, E. quadrangulata, E. sideroxylon and E. bosistoana mature leaves were analysed. 

The E. globoidea (9 years old) leaf sample was collected from a breeding site near Blenheim, 

Marlborough and the leaf samples of other species (8 years old) were collected from a trial site 

in Harewood, Christchurch. Essential oils were extracted using the MSE method (2.2.3.2). 

Quantitative analyses of essential oils were carried out using the GC method 13 (Table 2.1). 

 

 Results and discussion 

 Temperature programming of GC 

The operational conditions for quantifying compounds of E. bosistoana essential oil by GC 

were optimized to achieve good peak separation in short run times (Table 2.1). Short run times 

allow the analysis of more samples but typically compromise separation quality. 

Method 1 had the shortest run time (17.4 min), but peak resolution was poor. The short initial 

hold time (0.5 min) and high initial temperature (50°C) were likely causing earlier peaks to co-

elute and the fast ramping rate (50°C/min) was likely causing poor peak resolution (Agilent, 

2007; Hinshaw, 2015). Increasing the initial temperature to 70°C (test 5), close to the boiling 

temperature of ethanol (78°C), resulted the worst peak separation. Reducing the initial 

temperature to 35°C and the ramping rate to first 3°C/min and then to 5°C/min ensured good 

chromatographic separation (method 2) with peaks well separated and without splitting. 

However, the total run time was long (43 min).  

Both DB-5 (Kaur et al., 2011) and DB-wax (Liu et al., 2003) columns have been used for GC 

analysis of eucalyptus essential oils (Naspi et al., 2018). DB-wax column’s lower temperature 
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limits (20-250°C) compared to DB5’s (60-325°C) benefits the analysis of highly volatile 

compounds (Agilent, n.d.-a). The initial temperature (35°C) and final temperature (240°C) of 

test 13 were close to DB-wax column temperature limits. Increasing the final ramping rate from 

15 to 50°C/min and decreasing the final holding time from 10 (method 2) to 3 min still allowed 

to elute the hydrophilic high molecular compounds in method 13 while reducing the run time 

to 29.3 min. Approximately 20 peaks were well separated and low molecular volatile 

compounds eluted before 26.4 min (Figure 2.4).  

Similar GC conditions were reported in the literature for eucalyptus essential oil analysis. Good 

separation of 32 compounds from essential oils of E. globulus and E. lehmannii were obtained 

with an injector temperature of 250°C, initial oven temperature of 35°C and 3°C/min ramp rate 

(Slimane et al., 2014). Another study quantified 18 and 7 substances in essential oils of E. 

camaldulensis and Callistemon viminalis, respectively, using the same injector temperature and 

40°C initial oven temperature (Mubarak et al., 2014). 
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Figure 2.4: GC chromatograms of different temperature programmes of test 5 (a), test 2 (b) 

and test 13 (c). 
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 Accuracy of essential oil analysis 

Relative Standard Deviation (RSD) values of selected peaks in one E. bosistoana ASE essential 

oil extract separated with the DB-5 and DB-wax columns are listed in (Table 2.2). RSD values 

calculated directly from peak areas of the chromatograms obtained with the DB-5 column were 

averaging 20.5% when injected from the same vial. This increased to 29.6% when using the 

same extract in different vials. More precise values, i.e. a mean RSD of 10.1% and 15.5% 

respectively were observed for the DB-wax column. For both columns, more variation was 

observed between different vials than different runs of the same vial. Mean RSD values were 

lower with the DB-wax column, most likely due to better separation that aided signal 

integration.    

To increase the precision of the GC analysis, a known concertation of n-hexadecane was added 

to each vial as internal standard (IS). This allowed to compensate for varying injection volumes 

by the auto-sampler into the GC. Normalization by the IS reduced the RSD values for DB-5 

from 20.5 to 14.8% and DB-wax from 10.1 to 3.5% for same vial run. RSD values were 

generally below 5%, what is typically regarded as achievable in GC analysis (Hübschmann, 

2015).   

 Selection of extraction method  

GC chromatograms of E. bosistoana essential oils from the same tree obtained with the three 

extraction methods are shown in Figure 2.5. More than 50 compounds were observed in the 

ethanolic extracts of the E. bosistoana leaves by GC analysis. The retention time of different 

compounds ranged from 2.2 to 17.2 min. All three extraction methods gave similar 

phytochemical profiles, with hydro-distillation containing fewer non-volatile compounds 

eluting after 10 min compared to the other two methods.  
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The total oil yields and percentages of 1,8-cineole of three different extraction methods are 

presented in Table 2.3. ASE and MSE gave similar yields of 16.4 µL/g and 15.8 µL/g, 

respectively. Hydro-distillation had the lowest yield of 11.1 µL/g. A comparable experiment 

of microwave extraction and hydro-distillation of E. citriodora leaves showed that microwave 

extraction yielded with 1.2% w/w higher oil contents compared to hydro-distillation (0.91% 

w/w) (Soet, 2013).  

 

Figure 2.5: GC chromatograms for ethanolic ASE (1), MSE (2) and hydro-distilled (3) 

leaves extracts of E. bosistoana 
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Table 2.2: Mean RSD values for E. bosistoana oil run in different GC columns 

 

 

 

Sample 

Mean RSD (%) 

Without normalization With normalization 

Same vial 

(n=5) 

Different vials 

(n=6) 

Same vial 

(n=5) 

Different vials 

(n=6) 

DB-5 

column 

Peak 1 16.2 23.5 2.9 4.3 

Peak 2 19.8 17.8 10.3 10.6 

Peak 3 27.6 15.3 17.4 5.8 

Peak 4 10.7 26.4 9.1 15 

Peak 5 24.3 43.1 14.9 32.3 

Peak 6 16.2 29.6 17.5 12.9 

Peak 7 30.6 39.5 24.7 22.7 

Peak 8 28.2 44.2 30.5 29.2 

Peak 9 21.6 49.1 15.2 36.8 

Peak 10 11.2 19.5 7.1 10.6 

Peak 11 19.7 18.6 14.1 6.9 

Mean 20.5 29.6 14.8 17 

DB-

wax 

column 

Peak 1 12.2 23.8 1.3 2.5 

Peak 2 16.8 19.1 4.3 12 

Peak 3 6.45 10.6 0.9 1.8 

Peak 4 9.23 14.9 3.5 5.9 

Peak 5 11.5 17.8 2.6 3.8 

Peak 6 8.9 12.5 4.7 1.7 

Peak 7 6.5 15.7 4.4 14 

Peak 8 9.4 10.2 6 3.1 

Mean 10.1 15.5 3.5 5.6 
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Table 2.3: Total oil yield and 1,8-cineole percentage of different extractive methods 

 

 

The quality of the eucalyptus essential oil is determined by the 1,8-cineole content. Hydro-

distillation gave with 66.5% the highest 1,8-cineole concentration compared to ASE and MSE 

(Table 2.3). Similar results were reported for 1,8-cineole contents of E. loxophleba leaf 

extracts, with 46.2% for supercritical fluid extraction and 70% for hydro-distillation (Zhao & 

Zhang, 2014). The higher temperatures during hydro-distillation may lead to degradation of 

thermally labile volatile components (Lucchesi et al., 2004; Sunarso & Ismadji, 2009). Low 

concentration of non-volatiles in oils from hydro-distillation also results a higher proportion of 

volatile components such as 1,8-cineole. However, highly volatile terpenes can also evaporate 

due to the high temperature of steam distillation. A loss of approximately half of the α-pinene 

in E. globulus and E. leucoxylon during steam distillation compared to solvent extraction has 

been reported (Ammon et al., 1985). 

Hydro-distillation yielded the purest E. bosistoana essential oil with the least amount of non-

volatile hydrophilic components. The oil from ASE and MSE had both volatile and high 

molecular weight non-volatile compounds. Larger quantity of raw material, high temperature 

and long processing times are required for hydro-distillation (Richter & Schellenberg, 2007). 

Release of aromatic volatiles by hydro-distillation from aroma species including Eucalyptus, 

Origanum, Carum, Salvia and Thymus was reported to commence after 150 to 180 min 

(Hashemi-Moghaddam et al., 2013; Richter & Schellenberg, 2007). Since the present study 

was designed to obtain numerous leaf extractives in a short time frame from small samples, 

hydro-distillation was not appropriate for the intended purpose though hydro-distillation yields 

Extraction method Total oil yield (µL/g of fresh 

leaf weight) 

 1,8-cineole (% of total 

oil) 

ASE 16.4 61.2 

MSE 15.8 62 

Hydro-distillation 11.1 66.5 
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a purer essential oil. MSE is quick and uses less solvent, time, heat and energy than steam 

distillation (Lucchesi et al., 2004). The modified MSE method used for the study was 

introduced by Southwell et al. (1995), for the analysis of tea tree oil. Immersion in ethanol at 

room temperature for 30-40 h was reduced into 1 h when applying microwave radiation for 10 

s (Brophy et al., 1989). This extraction procedure also provided a more reliable estimation of 

the of the oil constituents. While MSE extracts are not identical to the commercially essential 

oils obtained by hydro-distillation, the volatile compounds are representative of commercial 

oils. Furthermore, the presence of non-volatile compounds allows to extract additional 

phytochemical information, which might be useful for studying pest tolerance.    

 

 Identification of major compounds 

Identification of major compounds associated in E. bosistoana essential oil was carried out for 

MSE extractions (described in 2.2.3.2) by GC-FID method 13 (Table 2.1).  Ten major 

compounds (1,8-cineole, limonene, α-terpineol, α-pinene, aromadendrene, β-myrcene, 

caryophyllene, trans-pinocarveol, ocimene and linalool) were confirmed with the standard 

compounds by retention times (Figure 2.6 and Table 2.4). Peaks representing to compounds 

were confirmed by GC/MS using the standard compounds and by the spectrum obtained from 

the standard spectrum data library in MS. Although phellandrene and p-cymene standards 

eluted at peaks of the essential oil extracts of E. bosistoana, mass spectra confirmed that both 

compounds were not present. 
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Table 2.4: Identified major compounds of E. bosistoana essential oil obtained from MSE by 

GC-FID with retention times  

 

 

 

 

 

 

 

 

 

Figure 2.6: GC chromatograms of identified compound peaks of E. bosistoana correspond 

with standards.  1. β-myrcene, 2. α-pinene, 3. limonene, 4. 1,8-cineole, 5. ocimene, 6. linalool, 

7. caryophyllene, 8. aromadendrene, 9. trans-pinocarveol, 10. n-hexadecane (IS), 11. α-

terpineol    

 

Compound Retention time (min) 

β-Myrcene 5.8 

α-Pinene 7.3 

Limonene 7.9 

1,8-Cineole 9.9 

Ocimene 11.5 

Linalool 20.4 

Caryophyllene 21.9 

Aromadendrene 22.6 

Trans-pinocarveol 23.5 

α-Terpineol 24.6 
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 Comparison of eucalyptus species 

Seven eucalyptus species relevant in a New Zealand context have been tested for their potential 

to produce essential oil (Table 2.5 and Figure 2.7). E. bosistoana had the highest total oil yield 

with 15.8 µL/g and also the highest 1,8-cineole content of all species (62%) followed by E. 

tricarpa (11.5 µL/g / 51.2%). This is similar to the leaf essential oil E. globulus (Boland et al., 

1991; Coppen & Hone, 1992; Zhang et al., 2010), the main global eucalyptus essential oil 

source. E. quadrangulata (6.1 µL/g / 48.4%), E. globoidea (6.3 µL/g / 46.7%) and E. nitens 

(4.9 µL/g / 35.5%) also had dominated 1.8-cineole but lower yields. The second most abundant 

compounds differed to E. bosistoana (13.4% limonene) with 14.6% and 21.3% α-pinene 

present E. quadrangulata and E. nitens, respectively while E. globoidea produced 12.2% α-

terpineol. The essential oils of E. argophloia and E. sideroxylon were different and not 

dominated by 1,8-cineole. α-Pinene (58%) was the dominant compound in E. argophloia and 

1,8-cineole was not present. The absence of 1,8-cineol in E. argophloia agreed with literature 

(Boland et al., 1991). Although 10% of 1,8-cineole were present in E. sideroxylon, 59.9% of 

that was recorded (Bignell et al., 1997). E. sideroxylon comprised of larger percentage of 

sesquiterpenes rather than monoterpenes such as 1,8-cineole and α-pinene (Boland et al., 1991). 

This somewhat confirms the present results as identified compounds were not dominant. 

The few data of leaf oil composition of E. argophloia, E. tricarpa, E. quadrangulata, E. 

globoidea and E. sideroxylon have been published (Table 2.5) largely confirmed the here 

reported results. 

E. argophloia and E. bosistoana were categorized in the Eucalyptus ser. Submelliodorae  

(Brooker, 2000). Both species were categorized as potential to hybridize (Lee et al., 2011). 

However, the essential oil characteristics were not comparable, indicating a more distant 

relationship. Further, phylogeny classifications of E. bosistoana and E. argophloia were also 

showed a quite far relationship (Thornhill et al., 2019) .   



40 

 

E. tricarpa has been classified as a subspecies of E. sideroxylon (Brooker, 2000). However, 

their oil yields and 1,8-cineole contents were not comparable, warranting confirmation of their 

relationship. A formylated phloroglucinol compound (FPC), sideroxylonal has been identified 

from both species E. tricarpa and E. sideroxylon (Andrew et al., 2007; Foley & Lassak, 2004; 

Lawler et al., 2000). 

NZDFI has selected E. bosistoana, E. globoidea, and E. quadrangulata as prioritized species 

for their breeding programme, and E. argophloia and E. tricarpa at lower priority (Ballekom 

& Millen, 2017). E. bosistoana was chosen for the analysis of foliage essential oil in following 

chapters.  

 

 

Figure 2.7. GC-FID chromatograms of essential leaf oil of seven eucalyptus species  
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Table 2.5: Amounts of total oil and main components in fresh foliage of different eucalyptus species  

Species Total oil 

yield 

(µL/g 

fresh) 

Characteristic compounds (% of total 

oil) 

Total oil 

from  

published 

data (%w/w) 

Main compounds from published 

data 

References 

E. bosistoana 15.8 1,8-cineole (62%), limonene (13.4%),  

α-pinene (3.7%),  α-terpineol (6.2%), 

aromadendrene (2.1%) 

1-1.5 1,8-cineole (60-80%),   

α-pinene (6%), α-terpineol (6.9%),  

limonene (4.5%), aromadendrene 

(2.2%) 

Zrira and Benjilali 

(1996)  

Boland et al. 

(1991) 

E. argophloia 1.4 1,8-cineole (0%), α-pinene (58%),  

borneol (6.8%), limonene  

0.6 α-pinene (65%), limonene,  

isoamyl isovalerate 

Boland et al. 

(1991) 

E. globoidea 6.3 1,8-cineole (46.7%),   

α-terpineol (12.2%),  

p-cymene, α-pinene 

0.2-1.1 1,8-cineole (40%), 

 p-cymene (15%),  

α-, β-and γ-eudesmol (10%)  

Boland et al. 

(1991) 

E. 

quadrangulata 

6.1 1,8-cineole (48.4%),  α-pinene (14.6%), 

limonene (4.1%), phellandrene,  

1.6-2.1 1,8-cineole (55%),     

α-pinene (25%) 

Boland et al. 

(1991) 

E. tricarpa 11.5 1,8-cineole (51.2%),    

α-terpineol (8.3%), α-pinene (4.3%), 

limonene (9.8%), γ-terpinene, 

camphene 

 1,8-cineole, sideroxylonal  Foley and Lassak 

(2004) 

E. sideroxylon 5.9 1,8-cineole (10%), α-pinene (5.7%),  

γ-terpinene, α-terpineol,  geraniol                                                                                                                                                                                                                                                                       

1.5-2.5 1,8-cineole (59.9%),  α-pinene 

(13.9%), limonene (6.4%),  

bicyclogermacrene (5.3%), 

sideroxylonal 

Andrew et al. 

(2005) 

Lawler et al. (2000) 

E. nitens 4.9 1,8-cineole (35.5%), α-pinene (21.3%), 

β-pinene, phellandrene, ocimene, α-

terpineol 

0.1-1.1 1,8-cineole (23-48%),   

α-pinene (17%) 

Alvarez Costa et al. 

(2017) 

Li et al. (1994) 



42 

 

3 Chapter 3: Annual variation of essential oil in young and mature leaves 

of E. bosistoana 

 Introduction 

 Variation in essential oils due to foliage age  

The concentration and structural characteristics of defensive phytochemicals in plants change 

over time, representing their physiological condition (Turek & Stintzing, 2013). Leaf age 

affects essential oil content in Myrtaceae species. Immature plant tissues are more vulnerable 

to pest and diseases than mature tissues, lacking some defensive phytochemicals (Leicach et 

al., 2012). Lower molecular weight secondary metabolites are often more abundant in young 

leaves. It has been suggested that larger molecular weight secondary metabolites, which are 

more dominant in mature leaves, increase the protection against pests and diseases (Herms & 

Mattson, 1992). 

Different phytochemical profiles have been reported for leaves in various growing stages 

(immature vs mature leaves). In Mentha piperita, younger leaves possess more menthone (a 

precursor in the metabolic menthol pathway) and mature leaves possess more menthol (Brun 

et al., 1991; Clark & Menary, 1980). Similarly, in Origanum syriacum, the precursors of 

thymol, p-cymene and γ-terpinene were dominant in immature leaves while older leaves 

primarily contained thymol (Werker et al., 1985). Similarly sweet basil variety ‘Perrie’ 

contained eugenol, the precursor of methyl eugenol, at higher amounts in younger leaves, while 

the amount of methyl eugenol was larger in the mature leaves, a result of the activity of the 

enzyme eugenol O-methyl transferase (Lewinsohn et al., 2000) (Figure 3.1).  
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Figure 3.1: Main chemical structures of young and mature leaves of (a) Mentha piperita, (b) 

Origanum syriacum, (c) sweet basil and (d) oxygenated and non-oxygenated terpenes of 

eucalyptus 
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Leicach et al. (2012) have studied the variation of the essential oil yield in E. camaldulensis 

between juvenile and adult leaves in same tree. The most abundant compounds in the young 

leaves were non-oxygenated terpenes (α-pinene, β-myrcene and p-cymene), whereas 

oxygenated terpenes including 1,8-cineole were present in adult leaves (Figure 3.1). Also, the 

results showed that juvenile leaves yielded 66.3% more oil than adult leaves. A similar pattern 

was reported for the essential oil content of fresh young and mature leaves of E. globulus grown 

in Argentina (Russo et al., 2015). Trees had a higher oil content in young leaves (1.49%) than 

in mature leaves (1.31%), but the 1,8-cineole percentage was higher in mature leaves (62%) 

than young leaves (52%). Non-oxygenated terpenes were also reported to be abundant in young 

leaves of E. globulus, while oxygenated terpenes, mainly 1,8-cineole were dominant in mature 

leaves (Silvestre et al., 1997). Likewise, total oil contents of juvenile E. nitens and E. 

denticulata leaves (1.5% and 1.3%, respectively) were higher than adult leaves (1.1% and 

0.7%, respectively) (Li et al., 1994). In contrast, it was reported that the oil content or 

composition was not related to the leaf age in E. smithii (Li, 1994). 

The chemical characteristics of leaf age described above were based on sampling leaves from 

trees at one point in time. Other studies, although not on eucalyptus, repetitively sampled the 

leaves from the same plant as they matured over time and also showed that the composition 

changed with leaf age (Deschamps et al., 2006; Russell & Southwell, 2002). Generally, 

moisture content, abundance of secondary metabolites and protein content change with 

developmental stage (Masa et al., 2016). Oil accumulation terminates after the leaf is fully 

lengthened. Therefore, total oil content may reduce due to evaporation or leakage once leaves 

are mature (List et al., 1995; Wildy et al., 2000). 
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 Annual variations 

Oil profiles are not constant throughout the year (Doran & Bell, 1994). Variance of the yield 

and composition may be due to the stress conditions of the plant, mainly the fluctuations of 

water supply (Murtagh & Etherington, 1990) and the light intensity levels (Bryant et al., 1987). 

Water stress was found to decrease the essential oil yield in E. camaldulensis (Doran & Bell, 

1994). In addition, changes of biosynthetic pathways of secondary metabolites over time lead 

to the production of more potent phytochemicals to protect the plant from external influences 

such as pest attacks and diseases (Boveiri et al., 2019; Masa et al., 2016).  

Monoterpenes, the major components of eucalyptus essential oils, are susceptible to seasonal 

changes. Temperature, sunlight and water availability influence the evaporation of terpenes. 

The emission rate of monoterpenes from eucalyptus is higher in summer than winter (Rivoal 

et al., 2010).  

The highest yield of essential oil was obtained during the summer in five eucalyptus species 

(E. camaldulensis, E. astringens, E. leucoxylon, E. lehmannii and E. rudis). The main 

compounds 1,8-cineole, α-pinene and α-terpineol were common to all species (Jemaa et al., 

2012). Seasonal variation of 1,8-cineole content was analysed for E. globulus leaves. The 

percentage of 1,8-cineole (~70%) was highest in adult leaves in summer and the highest total 

oil yield was reported for younger leaves (Silvestre et al., 1997). Oil yields in E. camaldulensis 

were different between individual trees and there was a significant variation between seasons. 

The oil concentrations were lowest in autumn, and highest in spring and early summer (Doran 

& Bell, 1994). Total oil yields of E. camaldulensis, E. globulus and E. maidenii were highest 

in summer, while it was relatively constant throughout the year for E. melliodora and E. 

bosistoana. It is worth noticing that of those five species, the highest oil yield was obtained 

from E. bosistoana (3.7-4.2% of dry weight). However, harvesting month had no effect on 1,8-

cineole percentage in all species (Zrira & Benjilali, 1996). Further, sampling time of the day 
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or leaf position did not have an effect on the oil compositions (Brooker et al., 1988).  Oil yields 

varied throughout the sampling period for E. camphora while the yields of E. ovata remained 

comparatively stable (0.05-0.2% fresh weight) with the highest yield (1.4%) obtained in E. 

camphora in winter and lowest in summer (0.6%). Some of the compounds such as linalool, 

limonene, α-pinene, p-cymene showed greater variation than 1,8-cineole over the period in 

both species (Simmons & Parsons, 1987). There was a very little seasonal effect on 1,8-cineole 

proportions for E. kochii and E. plenissima with a slightly higher 1,8-cineole production in the 

summer, but it was not consistent over two consecutive years (Brooker et al., 1988). 

It should be noted that studies need to be compared by seasonal rather than month as these are 

offset between the Southern and Northern hemisphere. Further, climate differs between sites 

making such comparison more complex (Jobbágy & Jackson, 2000; Zrira & Benjilali, 1996).  

Chemical variations are related to leaf aging but also impacted by climatic and site conditions. 

However, a tree’s response is determined by its genetic background (Simmons & Parsons, 

1987). Collecting only recently matured leaves can reduce the variation of yield and 

composition of leaf essential oils (Brooker et al., 1988; Leach & Whiffin, 1989), but not always 

result a consistent estimate (Simmons & Parsons, 1987). 

 Methodology 

 Study location 

E. bosistoana leaf samples were collected from a nursery trial site in Harewood, New Zealand. 

The site is located at 43°28'02.2" South latitude and 172°35'20.2" East longitude. The mean 

annual temperature for 2019 and 2020 was 12.2°C and total annual rainfall was 574 mm and 

517 mm (NIWA, 2020a, 2021), respectively. E. bosistoana trees have been planted in 2012 

(Figure 3.2). 
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Figure 3.2:  The study site in Harewood in 2020 

 

 Sample collection and preparation   

Three trees each from five different E. bosistoana half-sibling families (seed of a mother tree) 

were sampled. Mature and immature leaves were collected into sealed polythene bags in the 

last week of each month from March 2019 to April 2021. Fully lengthened but not fully 

lignified leaves were considered as mature leaves. Approximately same sized 8 to 10 leaves 

were collected from each tree at each time. Immature leaves (8-10) were collected from the tip 

of branches (Figure 3.3).  
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Figure 3.3: E. bosistoana mature (A) and immature (B) leaf samples 

 

Essential oils of the immature and mature E. bosistoana leaves were extracted using the MSE 

method described in 2.2.3.2. Quantitative analyses of essential oils were carried out using the 

GC method 13 described in chapter 2 (Table 2.1)  

 Data analysis 

Total oil and other compounds were quantified using normalized peak areas to the internal 

standard (n-hexadecane) as described in 2.2.7 (Chapter 2). Data were analysed using R 

statistical software including ANOVA and TukeyHSD tests (Team, 2021). Graphs were plotted 

using ggplot2 (Wickham et al., 2016). Variations were analysed in detail using the statistical 

model described below. 

 Statistical model 

The monthly assessments are an example of longitudinal data, as the same trees are repeatedly 

measured successively over time, leading to autocorrelation. Furthermore, the same trees are 

assessed for mature and immature foliage. 

For each leaf compound the following linear mixed effect model (in matrix notation) was used: 
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𝑦 =  𝑋𝑏 + 𝑍1𝑙 + 𝑍2𝑡 + 𝑍3𝑓 + 𝑒 

Where 𝑦 is the vector of compound assessments and 𝑏 is the vector of fixed effects containing 

the overall intercept (𝑏0), leaf type (𝑏1 with two levels: immature and mature) and a general 

sine wave to model seasonality. The wave was expressed as 𝑏2 sin(2𝜋 𝑚) + 𝑏3 cos(2𝜋 𝑚) 

where 𝑚 is number of months since the beginning of the study divided by 12 (months/12). 

The random effects of the model involved leaf type (𝑙) nested in tree (𝑡) nested in family (𝑓), 

and were assumed to have 0 mean, with variances 𝜎𝑙
2 (leaf type), 𝜎𝑡

2 (tree), and 𝜎𝑓
2 (family). 

These effects were assumed to be independent of each other. 

The incidence matrices 𝑋, 𝑍1, 𝑍2, and 𝑍3 link the observations to the appropriate effect levels.  

The vector 𝒆 of residuals was assumed to follow a normal distribution with variance 𝜎𝑒
2 and a 

first-order autoregressive process between successive assessments. Therefore, the residual 

correlation between two assessments of the same tree would be 𝑟lag, where lag is the time 

between assessments. 

All models were fitted using the nlme package (Pinheiro et al., 2021) in the R Statistical 

Software (Team, 2021). 

 

 Results and discussion 

 Leaf oil composition  

Total oil yield ranged from 3.0 to 27.0 µL/g (fresh) in mature leaves and from 5.0 to 26.7 µL/g 

(fresh) in immature leaves throughout the sampling period. Thirteen major compounds were 

quantified (Table 3.1 and Table 3.2) and of those, ten were identified: limonene, α-terpineol, 

α-pinene, aromadendrene, β-myrcene, caryophyllene, trans-pinocarveol, ocimene and linalool 
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(Figure 3.4). 1,8-Cineole was the dominant compound and its mean percentage of the total oil 

ranged from 40.1% to 92.7% in mature leaves and from 23.7% to 82.0% in immature leaves. 

α-Terpineol, limonene, aromadendrene and trans-pinocarveol were also present in higher 

quantities (0.5-20.9% and 1.4-20.5%, 0.04-16.1%, 0.05-17.5%, respectively). α-Pinene 

percentage ranged from 0.1% to 8.6%.  

The leaf oil extracts were qualitatively similar to published data for E. bosistoana (Ameur et 

al., 2021; Bouzabata et al., 2014; Faria et al., 2011; Zrira & Benjilali, 1996), with 1,8-cineole, 

limonene, α-terpineol, α-pinene, aromadendrene, caryophyllene and trans-pinocarveol reported 

in those studies. Leaf oil from E. bosistoana grown in Morocco was reported to be dominant 

in 1,8-cineole (68.2-79.2%) and also containing α-terpineol (3.3-7.3%), aromadendrene (0.5-

2.2%), trans-pinocarveol (0.4-7.2%) and α-pinene (1.1-6.1%) was reported for (Zrira & 

Benjilali, 1996). A similar composition of 1,8-cineole (55.3-63.9%), limonene (2.4-2.6%), 

trans-pinocarveol  (3.2-3.6%) and α-pinene (11.6-12.1%) was reported for E. bosistoana oil 

trees harvested in Algeria (Bouzabata et al., 2014). 1,8-Cineole (59.3%),  α-pinene (14.2%), 

limonene (4.5%) and α-terpineol (6.9%) were the main compounds of E. bosistoana oil form 

Portugal (Faria et al., 2011).  

In addition, p-cymene (3.1-6.8%), α- and β- phellandrene (0.1-0.8%) were also found in E. 

bosistoana oil (Ameur et al., 2021; Bouzabata et al., 2014). Boland et al. (1991) reported up to 

7% of total oil being β-phellandrene in E. bosistoana. None of those three compounds were 

identified in the present results. Also did not find α- or β- phellandrene in E. bosistoana 

essential oils but reported small quantities of p-cymene (0.1%, respectively) (Faria et al., 2011). 

Essential oil quality can reduce by presence of phellandrene (Brown et al., 1912), as it may 

cause heart noxiousness (Penfold, 1934).   
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Table 3.1: Ranges of total oil yield and composition of mature leaves for five E. bosistoana 

families 

Compounds 
Percentage of the total oil (%) 

F9 F16 F33 F44 F49 

β-Myrcene 0.08-0.93 0.07-3.2 0.09-1.7 0.1-0.9 0.03-1.1 

α-Pinene 0.4-5.4 0.1-8.5 0.2-5.2 0.2-4.5 0.2-8.6 

Limonene 2.99-19.0 3.05-16.4 3.6-14.8 3.5-19.0 1.4-13.8 

1,8-Cineole 43.5-71.5 40.1-72.5 44.0-76.2 40.4-73.6 49.4-92.7 

Ocimene 0.1-2.3 0.3-1.13 0.05-1.7 0.08-2.1 0.03-4.2 

Linalool 0.1-5.9 0.15-5.1 0.1-6.8 0.2-6.6 0.1-6.3 

Caryophyllene 0.2-6.1 0.3-5.8 0.2-3.8 0.2-8.1 0.04-2.9 

Aromadendrene 0.3-11.3 0.1-8.7 0.3-11.7 0.15-16.1 0.04-8.8 

Trans-pinocarveol 0.15-17.5 0.3-10.4 0.05-10.9 0.2-11.6 0.2-10.8 

α-Terpineol 1.3-14.7 1.2-17.5 0.7-16.2 0.6-14.3 0.5-20.9 

Unidentified 1 0.01-2.6 0.07-3.4 0.08-3.3 0.09-2.9 0.03-4.0 

Unidentified 2 0.06-6.0 0.15-6.6 0.05-4.7 0.1-6.5 0.1-2.4 

Unidentified 3 0.16-10.9 0.4-10.4 0.1-10 0.2-14.8 0.1-8.7 

Total oil (µL/g fresh) 4.0-20.0 3.0-16.0 3.0-23.0 3.0-17.0 4.0-27.0 

 

 

Table 3.2: Ranges of total oil yield and composition of immature leaves for five E. bosistoana 

families 

 

Compounds 
Percentage of the total oil (%) 

F9 F16 F33 F44 F49 

β-Myrcene 0.06-2.3 0.07-3.3 0.04-0.6 0.04-1.6 0.07-1.5 

α-Pinene 0.6-5.3 0.2-6.0 0.6-5.7 0.8-7.8 0.1-3.0 

Limonene 2.7-20.5 4-17.6 4-16.7 5.0-16.1 3.9-16.6 

1,8-Cineole 31.6-57.2 27.9-61.9 33.4-55.4 23.7-59.3 31.2-82.0 

Ocimene 0.04-0.3 1.1-4.2 0.06-8.9 0.1-5.4 0.08-2.1 

Linalool 0.2-11.8 0.2-7.2 0.2-5.5 0.8-5.3 0.07-6.0 

Caryophyllene 0.3-12.0 0.13-14.1 0.3-6.4 0.2-5.3 0.2-11.5 

Aromadendrene 0.4-11.3 0.1-12.8 0.4-13.6 0.5-12.3 0.15-10.9 

Trans-pinocarveol 0.9-11.9 0.13-6.9 0.7-10.2 0.1-10.8 0.3-9.3 

α-Terpineol 3.6-18.6 3.1-15.2 1.9-15.1 3.3-15.0 1.4-17.2 

Unidentified 1 0.13-2.9 0.08-3.7 0.1-4.8 0.2-5.0 0.03-3.2 

Unidentified 2 0.07-5.9 0.1-6.9 0.05-4.5 0.1-2.9 0.1-3.3 

Unidentified 3 0.4-11.4 1.1-10.3 1.3-12.2 0.7-12.6 0.9-9.9 

Total oil (µL/g fresh) 8.0-25.0 6.0-18.0 7.0-24.0 9.0-19.0 10.0-26.7 
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The maximum 1,8-cineole concentrations in the mature leaves of the E. bosistoana families 

(72.5-92.7% maximum) compared favourably to E. globulus the main source of industrial 

essential eucalyptus oils. E. globulus essential oil on the local market contain 60-85% of 1,8-

cineole (Boland et al., 1991).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Chemical structures of the compounds in E. bosistoana essential oil 
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 Effect of leaf maturity 

Average essential oil yields were significantly different (p ≤ 0.01) between immature and 

mature E. bosistoana leaves with average of 14.6 and 10.2 µL/g (fresh), respectively (Table 

3.3). That immature leaves produce more essential oil than mature leaves was consistent with 

literature reports for other eucalyptus (Doran & Bell, 1994; Leicach et al., 2012; Russo et al., 

2015). The observation that, mature E. bosistoana leaves contained a significantly higher (p ≤ 

0.01) proportion of 1,8-cineole in (60.9%) than immature leaves (44.6%) also agreed with 

literature reports (Doran & Bell, 1994; Leicach et al., 2012; Russo et al., 2015). The 

concentrations of another six quantified compounds (α-terpineol, aromadendrene, linalool and 

unidentified 1, 2, 3) in the essential oil also significantly differed between immature and mature 

leaves, with some being more prominent in immature and others more prominent in mature 

leaves.  

No significant difference was found for limonene, β-myrcene, ocimene, trans-pinocarveol, α-

pinene and caryophyllene percentages of the total oil (Table 3.3). In contrast, a report for 

extracts of young and mature leaves of E. camaldulensis found greater myrcene, α-pinene and 

linalool amounts in younger than mature leaves, but higher trans-pinocarveol amount in mature 

leaves (Leicach et al., 2012).    

 Seasonal variation 

Total oil amounts and 1,8-cineole percentages were significantly different between months 

within the 24 months period (Table 3.4). The annual profiles were similar for both years, with 

the highest oil yield in summer with an average of 16.7 µL/g (peaking in December) and the 

lowest yields in winter (July) (7.3 µL/g). The 1,8-cineole peaked slightly earlier in January 

(average 67.1%). Evaporation of monoterpenes at higher temperature (≥30°C) were associated 

with a reduction in oil yield (He et al., 2000). Figure 3.5 and 3.6 show the seasonal variation 
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and fitted mixed effect models of total oil content and 1,8-cineole percentage five E. bosistoana 

families for leaves at two maturity stages over two years. The intercepts for total oil content in 

immature leaves and 1,8-cineole were 13.2 and 43.1, respectively.  

Table 3.3: Mean percentage of the compounds in E. bosistoana immature and mature leaves  

 

 

 

 

 

 

 

 

 

 

                  

 

 

 

               *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, ns = not significant 

 

Similar seasonal patterns were observed for E. camaldulensis, E. bosistoana and E. globulus 

ssp. maidenii in Morocco over two years (Zrira & Benjilali, 1996), as well as E. kochii and E. 

plenissima in Australia (Brooker et al., 1988). Total oil yields of E. delegatensis, E. globulus 

and E. denticulata were also reported to increase in spring and summer and declined in autumn 

and winter (Li, 1994). Elevated 1,8-cineole proportions during the summer were reported for 

E. camaldulensis (Doran & Bell, 1994; Doran et al., 1995), E. kochii and E. plenissima in 

Australia (Brooker et al., 1988). However, site effects appear to influence on these seasonal 

patterns. While a study of eucalypts grown in Iran reported highest oil yield and 1,8-cineole 

Compound 

Percentage of total oil (%) 

Significance 
Young 

leaves 

n=213 

Mature 

leaves 

n=360 

β-Myrcene 0.1 0.1 ns 

α-Pinene 2.2 2.1 ns 

Limonene 9.3 8.8 ns 

1,8-Cineole 44.6 60.9 *** 

Ocimene 0.9 0.6 ns 

Linalool 2.1 1.7 ** 

Caryophyllene 1.1 1.0 ns 

Aromadendrene 4.4 2.4 *** 

Trans-pinocarveol 3.7 4.2 ns 

α-Terpineol 8.0 6.9 *** 

Unidentified 1 1.1 0.5 *** 

Unidentified 2 1.3 0.9 ** 

Unidentified 3 4.8 3.7 *** 

Total oil  (µL/g fresh) 14.6 10.2 *** 
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content of E. camaldulensis (1.97% dry, 64.1%, respectively) and E. porosa (2.7% dry, 59.5%, 

respectively) in spring (May), the timing differed for E. leucoxylon (1.61% dry, 89.8%, 

respectively) in winter (January) (Sefidkon et al., 2009).  

Significant seasonal differences (p ≤ 0.05) were also found for β-myrcene, linalool, 

caryophyllene, aromadendrene, trans-pinocarveol, as well as the unidentified compounds 2 and 

3. While β-myrcene, caryophyllene, aromadendrene and unknown 1 peaked like 1,8 cineol and 

the total oil content in summer, linalool, trans-pinocarveol, as well as the unidentified 

compounds 2 and 3 peaked in colder months (Figure 3.7). In leaf oils from E. globulus grown 

in Nigeria, linalool and trans-pinocarveol percentages were reported higher during the rainy 

season, while other compounds (including α-pinene, limonene, β-myrcene and caryophyllene) 

were found in higher quantities in dry season (Usman et al., 2020). This confirmed that linalool 

and trans-pinocarveol show seasonally converse effects. Genetics and environmental stresses 

are causes for the observed variation of volatile compounds over the year (Brooker et al., 1988; 

Doran et al., 1998; Doran & Bell, 1994).  

Variations in monoterpene emission over a year of 15 eucalyptus species have been reported 

by He et al. (2000). Seasonal variations of main components were species specific but higher 

emission rates were observed in summer and lower emission rates in winter for most studied 

eucalyptus species. Seasonal emissions correlated with temperature, light and relative 

humidity.  
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Figure 3.5: Seasonal, leaf type and family variation of total oil yield of E. bosistoana 

 

Figure 3.6: Seasonal, leaf type and family variation of 1,8-cineole percentage of E. 

bosistoana 
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Table 3.4: Summary of leaf type, seasonality and family effects 

 

*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, ns = not significant 

Family effects followed by the same letters (a-c) are not significantly different (p ≤ 0.05) between families for each compound (Turkey’s test)

Compound 

Mean 

immature 

leaf % of 

total oil 

Difference 

of mature 

leaf % of 

total oil 

Seasonal 

effect and 

significance 

(%) 

Family effect (% of total oil) 
 

Peaked 

Month 

F9 F16 F33 F44 F49 

β-Myrcene 0.14 5.91x10-5 0.23 (***) 0.001a (-3.48x10-5)c 0.02a -0.01b -0.009b November 

α-Pinene 2.09 0.01 0.35 (ns) 0.04a 0.33b -0.006c -0.13c -0.24c February 

Limonene 9.22 -0.41 0.59 (ns) 0.60a 0.21a -0.15b 0.22a -0.88b February 

1,8-Cineole 43.10 17.76 9.30 (***) -1.72a -1.73a -0.70a -1.81a  5.96b January 

Ocimene 0.76 -0.15 0.49 (ns) (-2.15x10-9)a 0.49b (2.13x10-5)c (8.18x10-5)c (-8.65x10-9)a February 

Linalool 2.23 -0.51 0.98 (***) 0.18a 0.06a 0.20a 0.07a -0.52b May 

Caryophyllene 0.88 0.09 1.19 (***) 0.15a 0.17a -0.11b 0.18a -0.39b December 

Aromadendrene 3.80 -1.38 3.37 (***) 0.04a -0.04a 0.09a 0.03a -0.11b January 

Trans-pinocarveol 4.45 -0.29 4.24 (***) 0.34a -0.03b 0.05b 0.59a -0.95c July 

α-Terpineol 8.05 -1.14 0.17 (ns) -0.01a 0.56b 0.64b 0.36b -1.55c February 

Unidentified 1 0.93 -0.38 0.63 (ns) -0.0002a 0.06a 0.04a 0.02a -0.11b January 

Unidentified 2 1.36 -0.43 0.73 (***) 0.06a 0.27b -0.03c -0.07c -0.23c June 

Unidentified 3 5.06 -1.32 1.83 (***) 0.32a -0.15b 0.28a 0.31a -0.75c June 

Total oil (µL/g) 13.19 -3.04 6.09 (***) -0.76a -1.24a 0.62b -1.23a 2.61c December 
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 Variations within and between families 

Similar patterns of total oil yields and 1,8-cineole were obtained across all families throughout 

the sampling period. Within family (between trees) variations for total oil yields and 1,8-

cineole in both leaf types were not significant (p ≥ 0.05). In particularly, family 49 expressed 

both, higher total oil yield (2.61 µL/g above average) as well as 1,8-cineole content (6% above 

average) than the other families (Table 3.4). Broad variations in oil concentration (4.0 to 10.3% 

w/w) and 1,8-cineole percentage (64 to 76%) between 32 families of E. radiata were recorded 

(Doran et al., 1998). It should be noticed that family 49 concurrently expressed the lowest 

amounts of all other compounds except β-myrcene. Significant levels differed for the 

compounds between the families (Table 3.4). Fresh leaf oil yields of E. regnans, E. delegatensis 

and E. globulus were aloe reported to be significantly different within species between 

provenances (Li, 1994). 

The following chapter 4 discussed genetic effects on essential oil from E. bosistoana leaves in 

detail. 

This study confirmed that the season of leaf harvesting, leaf age as well as genetics affect 

essential oil yield and composition of E. bosistoana. Although mature leaves yield less total 

essential oil, their 1,8-cineole content is higher, both in terms of absolute quantity as well as 

concentration. As 1,8-cineole is the main quality indicator for eucalyptus essential oil, mature 

leaves should be harvested. Further, the New Zealand summer season is most appropriate to 

harvest E. bosistoana leaves as it would maximize 1,8-cineole and oil production. Lastly oil 

quality (1,8-cineole content) can be improved by targeting certain genetics. 
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                                            Figure 3.7: Seasonal, leaf type and family variation of other compounds in E. bosistoana oil
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4 Chapter 4: Genetic parameters of E. bosistoana essential oils 

4.1 Introduction 

 Genetic determination of leaf oils 

Wild types of Myrtaceae show large variation of terpene levels in foliage which is strongly 

controlled by genetics (Webb et al., 2014). Essential oil yield and composition are inherited by 

parent plants and can be used to discover hybrids (Li, 1994). Most research on genetic 

parameters in eucalyptus leaf essential oils over the last two decades was centred around 

mallees, in particular E. polybractea a crop grown solely for essential oil production in 

Australia (Kainer et al., 2017; Mazanec et al., 2021; Mazanec et al., 2020). Trials indicated that 

the 1,8-cineole yields in E. polybractea could be improved by up to 100% compared to wild 

genotypes through a breeding programme (Mendham et al., 2015). Furthermore, the oil 

composition is under strong genetic control (Goodger & Woodrow, 2008). Oil quality is mainly 

dependent on the 1,8-cineole content and micropropagations of selected E. polybractea 

genotypes were shown to yield an oil with an 80% increase of 1,8-cineole content (Goodger et 

al., 2008).    

Total oil production is dependent on the oil content in the leaves and the leaf biomass per tree 

or forest area. It has been shown that total oil yields are dominated by biomass rather than oil 

concentration in the leaves (Coppen, 2002). Goodger and Woodrow (2012) suggested that the 

oil yield is influenced by three phenomena in E. polybractea: the leaf size or mass, the size 

/number of secretory cavities within leaves and the direct enzyme action and biosynthesis of 

terpenes. Though, cavity size and density of E. polybractea oil glands are heritable (Goodger 

& Woodrow, 2012), cavity density of E. polybractea and Melaleuca alternifolia (Myrtaceae) 

were poorly correlated to the total oil quantity (Goodger & Woodrow, 2012; List et al., 1995). 
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Therefore, the focus of this study was the 1,8-cineole concentration rather than total oil content 

of the leaves. Correlations of leaf oil concentrations and quality with growth traits such as 

Diameter at breast height (DBH), height, crown density, canopy size and leaf biomass are 

significant (Coppen, 2002). Most reported genetic and phenotypic correlations between oil 

components were weak with large standard errors (Coppen, 2002; Doran & Matheson, 1994). 

However, a strong genetic correlation between concentrations of total leaf monoterpenes and 

1,8-cineole (rg = 0.80) in the foliage was reported for E. camaldulensis. That study also revealed 

moderate negative correlations between height, DBH and crown surface area with total 

monoterpenes rather than 1,8-cineole (Doran & Matheson, 1994). Leaf traits, such as expansion 

of oil glands within leaf lamina, genes encoding enzymes of the terpene biosynthetic pathways 

(Goodger & Woodrow, 2012) and leaf size or mass (Mendham et al., 2015) have also been 

considered.  

In Myrtaceae, phenotypic variations of terpene biosynthesis in leaves are strongly linked to 

gene expression (Külheim et al., 2015; Webb et al., 2014). Hence, the genotypic correlations 

between individual terpenes provide essential information about monoterpene biosynthesis 

(Keszei et al., 2010; Webb et al., 2014; Wilkinson et al., 1971). Genes, that regulate foliage 

terpene biosynthesis are mainly found in methylerythritol phosphate (MEP) and mevalonic 

acid (MVA) pathways (Kainer et al., 2019). Although a single gene is responsible for the 

occurrence of a component, the overall quantity of phytochemicals is linked to the activity of 

many genes (White & Nilsson, 1984). After sequencing ten structural genes in the terpene 

biosynthetic pathway of E. loxophleba, 4353 allelic variants were identified. Only two variants 

were associated with 1,8-cineole biosynthesis and a further eight with other terpenes (Padovan 

et al., 2017).  

Heritability of 1,8-cineole concentrations in total oil was reported for 50 families of E. kochii 

(0.83) (Barton et al., 1991) and leaf oils (0.42-0.54) and of leaf 1,8-cineole concentration (0.53-
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0.61) in 19 families of E. camaldulensis (Doran & Matheson, 1994). Moderate heritability was 

reported for total oil yield (0.11-0.27), 1,8-cineole proportion of the oil (0.37-0.48) and 1,8-

cineole content in leaves (0.27-0.34) of 80 E. globulus families (Doran & Saunders, 1993). The 

heritability of total oil content and leaf 1,8-cineole concentration was given as 0.36 and 0.69 

for 11 E. polybractea families, respectively (Grant, 1997). 

Essential oil quality and quantity are target traits in a commercial breeding program for E. 

polybractea in Australia (Figure 4.1) (Goodger & Woodrow, 2008; Mendham et al., 2015) and 

have been suggested for E. camaldulensis as there are remarkable differences in oil quality and 

yield with provenance (Eldridge et al., 1994). Although, E. camaldulensis is widely distributed 

in Australia, only seedlings from Northern Queensland provenances produce good quality oil 

(Coppen, 2002).  

 

                             

Figure 4.1: A breeding trial of E. polybractea in Australia 

                            Copyright (2016) by Felton Grimwade & Bosistos 
 

 Interaction of oil and pest diseases 

Pests and diseases can severely impede tree growth and hence the economic viability of a 

eucalyptus plantation (Wingfield et al., 2013). Eucalyptus trees can be 100% defoliated by 



63 

 

insect herbivores e.g. the Anoplognathus species (Christmas beetle) (Floyd & Foley, 2001). 

The most destructive insect pests for eucalyptus in New Zealand have been identified as 

Paropsine leaf beetles (Chrysomelidae: Colepoptera) (Paine. et al., 2011). Among them, 

Paropsis charybdis can seriously defoliate some eucalyptus and may cause tree death, 

particularly in warmer regions. Its larvae damage to young foliage while adults damage young 

and adult foliage (Lin, 2017). Hathaway and King (1986) documented P. charybdis damage on 

56 eucalyptus species in New Zealand with more damage in the eucalyptus subgenus 

Symphyomyrtus than the subgenus Monocalyptus. Recently the Australian Chrysomelid 

beetle, Paropsisterna variicollis (EVB) has established in New Zealand and severe defoliation 

of eucalypts was observed (Lin et al., 2017) (Figure 4.2). EVB and P. charybdis defoliation 

ranged from 5% to 90% across 80 E. bosistoana families in 2019 (Murray & McConnochie, 

2019). 

 

 

 

 

 

 

 

 

Eucalypts have defences against insects and diseases, such as foliar terpenes. However, pests 

have evolved to tolerate phytochemicals in the foliage. The anti-herbivore action of eucalyptus 

oils is complex and has been attributed to 1,8-cineole, citronellal, citronellol, citronellyl acetate, 

Figure 4.2: EVB larvae aggregated on E. bosistoana leaf 
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p-cymene, eucamalol, limonene, linalool, α-pinene, γ-terpinene, α-terpineol, alloocimene, and 

aromadendrene (Batish et al., 2008; Cimanga et al., 2002; Li et al., 1995; Liu et al., 2008). The 

defensive role and allopathic action against herbivores of eucalyptus essential oils has 

generated interest in their use as pesticides (Batish et al., 2008). 

Apart from phytochemicals, minerals and nutrient levels greatly effect insect-eucalyptus 

interactions (Ohmart & Edwards, 1991). Feeding preferences of insect herbivores on 

eucalyptus are related to the presence of simple sugars (Paine et al., 2011) and nitrogen levels 

(Fox & Macauley, 1977) in leaves. Sugars and amino acids act as phagostimulants (feeding 

stimulants) and they impact on insect oviposition (Lombarkia & Derridj, 2008; Steinbauer et 

al., 2009). For example, oviposition of Cydia pomonella (L.) was shown to be related to the 

fructose, sorbitol and myo-inositol ratio in resistant apple varieties (Lombarkia & Derridj, 

2008).  

Tolerance to insect pests is heritable and plantation health can be improved by planting the 

correct genotypes (Floyd & Foley, 2001). Lin (2017) investigated susceptibility of E. 

bosistoana for four insect pests (P. charybdis, Opodiphthera eucalypti, Strepsicrates 

macropetana and Phylacteophaga froggatti). Southern provenance families were more 

vulnerable to P. charybdis and more tolerant to S. macropetana and P. froggatti.  

This chapter evaluated the genetic parameters of eucalyptus oil traits in a E. bosistoana 

breeding trial, focusing on the potential to optimise essential oil production. Further, 

correlations of leaf essential oil traits to tree growth and health were also investigated as insect 

defoliation and tree size (height) data was also available for this trial.    
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 Methodology  

 Site and sample Collection 

E. bosistoana leaves were collected from 8th to 21st March 2020  from the Dillon breeding trial 

(Figure 4.3) located on a valley slope in Marlborough, New Zealand, at 41°65'35.5" South 

latitude and 173°66'42.0" East longitude. The average annual temperature in March 2020 was 

15.5°C and total rainfall was 12 mm (NIWA, 2020b). 87 E. bosistoana families with up to 70 

individuals had been planted in 2012. The trial contained 140 blocks with each block consisting 

of 36 randomly selected trees planted in 2.4 m x 1.8 m spacing (Appendix I). At the date of 

sampling 12 to 70 trees per family had survived.   

Mature leaf samples of 8 year old E. bosistoana were collected from 1901 trees representing 

85 families (Figure 4.4). 25 trees were randomly selected from each family and within each 

family, five leaf extracts were prepared by pooling leaves (five leaves from each tree) of five 

random trees. For 15 families only 10 or 15 trees have been selected to prepare five samples 

with pooling 2 or 3 trees respectively as fewer individuals were available. 
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Figure 4.3: Dillon E. bosistoana breeding trial at age 8 years 

 

 Essential oil extraction 

Essential oils were extracted using solvent extraction. Leaves of each pooled sample were cut 

into small (< 5 mm) pieces and 4.00 g of leaves were placed in a 25 mL sealable plastic vial at 

the same day of collection. 8.00 mL of absolute ethanol (≥99%) was added to each vial and 

kept in a cooler box (4°C) for at least one week until transport to the laboratory. Each extract 

was then filtered through a 0.45 µm PTFE syringe filter and 1 mL of the extract was transferred 

to a GC vial. All the samples were analysed by GC using method 13 described in chapter 2 

(Table 2.1). Each identified compound was quantified using response factors obtained with the 

pure reference compounds. The mean response factor of all identified compounds was used for 

the unidentified compounds. Peak areas were not normalised by the internal standard 
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(tridecane) as data analysis showed that this resulted in larger errors (Chapter 2). Total oil yield 

was defined as the sum of all 20 quantified compounds per leaf mass. 

 

 

 

 

 

 

 

 

Figure 4.4:  E. bosistoana leaf sample collection with Seoljong Kim at the Dillon trial  

 

 Insect defoliation 

The Dillon trial was assessed for insect defoliation by Leslie Mann (PhD candidate –School of 

Forestry) for same aged trees. For this assessment, 3 trees of 72 E. bosistoana families were 

randomly selected and these did not necessarily coincide with the individuals sampled for 

essential oil traits (4.2.1). Defoliation was quantified using the CDI (Crown Damage Index) 

method which is a visual estimate of insect defoliation in a tree. CDI measures the crown 

incidence and severity by observing three common damages, namely defoliation (leaf or part 

of leaf missing), necrosis (leaf spots, blisters or entire dead leaf), and discolouration (chlorotic 

spots, margins or entire leaf decolouration). Values were expressed as CDI score or health 

score, with higher scores indicating more severe defoliation. While this method has been 
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reported to suffer from observer bias (Stone et al., 2003), its relative simplicity allows 

assessment of more individuals.   

𝐶𝐷𝐼 𝑠𝑐𝑜𝑟𝑒 =  
𝐼𝑛𝑐𝑖𝑛𝑑𝑒𝑛𝑐𝑒 ∗ 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦

100
 

where incidence is the mean percentage of observed damage in entire crown of three trees and 

severity is the mean damage per leaf of three trees. Severity was measured as a percentage of 

three damages (defoliation, necrosis and discolouration) over the foliage.  

 

 Data analysis 

All the data were analysed using R statistical software (Team, 2021). The (co)variance 

components needed for the genetic parameters were obtained from univariate and bivariate 

analyses. Univariate analyses were conducted using a linear mixed model as below. 

𝑦𝑖𝑗 = 𝜇 + 𝑓𝑖 + 𝑒𝑖𝑗 

Where yij represents phenotypic observation of a single variable,  represents the fixed effect 

of the intercept, fi, represent the random effects of the ith family. Finally, eij is the random 

residual of the of the ith family’s jth individual. The expected value for the phenotype is  while 

the variances for each of the random terms are  𝑉(𝑓) =  𝜎𝑓
2 and 𝑉(𝑒) =  𝜎𝑒

2. We used a 

weighted analysis, as the samples for chemical composition combined leaves from 2-5 trees 

(weight option in Asreml-R). 

Estimating the covariance between the family effects required bivariate analyses, ‘stacking up’ 

two traits in a vector y and expressing the model in matrix notation: 

𝑦 = 𝑋𝑏 +  𝑍𝑓 + 𝑒 
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where, b is the vector with the fixed intercepts for each trait, f  is the vector of random family 

effects for each trait and e is the random vector of residuals for each trait. X and Z are incidence 

matrices joining the observations to their respective traits and effects. The expected value and 

variances changed to 𝐸(y) = 𝑋𝑏, 𝑉(f) = 𝐹0 ⨂ 𝑍 and 𝑉(𝒆) =  𝑅0 ⨂ 𝐼. ⊗ represents the 

Kronecker matrix product while 𝐺0 and 𝑅0 are as below.  

                            𝐹0 =  [
𝜎𝑓1

2 𝜎𝑓12

𝜎𝑓12 𝜎𝑓2
2 ] and 𝑅0 =  [

𝜎𝑒1
2 𝜎𝑒12

𝜎𝑒12 𝜎𝑒2
2 ] 

Variance components and breeding values were analysed using the fitted model in Asreml-R 

4.0 package (Butler et al., 2017) Narrow-sense heritability (h2) for each trait was estimated 

from the phenotypic and additive genetic variability using; 

                                     h2 = 
𝑉𝑎𝑟(𝐴)

𝑉𝑎𝑟(𝑌)
 =   

4𝜎𝑓
2

𝜎𝑓
2+ 𝜎𝑒

2      

 

where, 𝜎𝑓
2 is the variance between families, and 𝜎𝑒

2 is the variance of residuals. The heritability 

calculation assumed that families were true half-siblings with the relationship coefficient 

among trees in a family of one quarter. 

Genetic correlation estimates the association between the additive genetic values of two 

variables (Falconer, 1989). It is calculated as the family covariance between both traits, divided 

by the product of the family standard deviations for each of the traits, as shown in the equation 

below. 

𝑟𝑔(1,2) =  
𝜎𝑓1,2

√𝜎𝑓1
2  𝜎𝑓2

2  

 

where, 𝑟𝑔(1,2) is the additive genetic correlation between traits 1 and 2,  𝜎𝑓1,2 represents the 

family covariance between 1 and 2, while 𝜎𝑓1
2  and 𝜎𝑓2

2   represent the family variance of traits 1 

and 2 respectively.   
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 Results and discussion 

Twenty volatile compounds were quantified in the E. bosistoana leaf essential oils. This 

included 1,8-cineole, β-myrcene, α-pinene, aromadendrene, trans-pinocarveol, limonene, 

linalool, ocimene, caryophyllene and α-terpineol as well as 10 unidentified compounds (Figure 

4.5). The E. bosistoana oil was dominated by 1,8-cineole, which concentration ranged between 

40.3% an 82.1% (Table 4.1). Of all quantified compounds 1,8-cineole was the least variable 

with a coefficient of variation (CoV) of 0.11. However, the high variability for minor 

compounds was at least partially caused by a larger relative experimental error caused by their 

concentration being below the detection threshold in some samples (i.e. a minimum of 0%). 

Total oil yields varied 10-fold between families (3.9 to 41.2 µL/g). Figure 4.6 and Figure 4.7 

show the E. bosistoana families ranked for total oil content and 1,8-cineole concentrations. 

 

 

Figure 4.5: Average composition of E. bosistoana essential leaf oil in the Dillon trial. 
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 Genetic control of essential oil traits in E. bosistoana 

While the total oil content of the leaves was heritable (h2 = 0.25) and variable (CoV = 0.29) 

(Table 4.1), indicating that, it could be altered though a breeding programme, oil yield of a 

plantation is mainly controlled by factors affecting biomass rather than oil content of the leaves 

(Coppen, 2002) and therefore, likely to be irrelevant in this context. Oil yield is influenced by 

genes responsible for secretory cavity development, tree growth, precursor availability and leaf 

development (Thavamanikumar et al., 2013). 

Heritability estimates for the concentration of the quantified compounds in the essential E. 

bosistoana oil ranged from 0.06 to 1.14 (Table 4.1). The most abundant compounds 1,8-

cineole, aromadendrene and unidentified 8 showed the highest genetic control of h2 = 0.78, 

1.14 and 0.59, respectively. Limonene, the 3rd most abundant compound in the E. bosistoana 

leaf extracts was not heritable in this data. This was surprising as the E. urophylla × E. grandis 

hybrid clone with the highest limonene content was reported to be most resistant against myrtle 

rust (Austropuccinia psidii) (Silva et al., 2020). 

The detection limit of GC and the associated error was likely reducing heritability estimates 

for minor compounds. No or low heritability values were found for the compounds β-myrcene, 

α-pinene, caryophyllene and unidentified compounds 4, 5 and 7. However, the data still 

allowed to deduce genetic control for the minor compounds, trans-pinocarveol, linalool, 

unidentified compound 1, 2, 3, 6, 9 and 10, suggesting moderate to strong genetic control. 

The true relatedness of the trees in the sampled E. bosistoana breeding population was 

unknown. Each family, i.e. the seed from a mother tree, was considered as true half siblings. 

However, in reality, unrelated mating, relative inbreeding (mating with relatives) and selfing 

occurs in such open pollinated families and hence families are not true half siblings (Burgess 

et al., 1996). Therefore, heritability cannot be exactly estimated and compared on absolute 
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terms to other populations. However, essential oil composition is typically recorded to be under 

strong genetic control. Heritability estimates for 1,8-cineole yield were 0.53 in E. 

camaldulensis (19 families) (Doran & Matheson, 1994) and 0.50 for leaf 1,8-cineole 

concentrations in E. loxophleba (90 families) (Mazanec et al., 2020), 0.38 in E. polybractea 

(Mazanec et al., 2021) and 0.35 and 0.72 in E. melliodora (Andrew et al., 2005). 1,8-Cineole 

yield heritability estimates for E. kochii was reported to vary with tree age, 0.34 (before 

planting), 0.19 (1 year after planting) and 0.83 (2.5 year after planting), respectively (Barton et 

al., 1991).  

Table 4.1: Minimum and maximum percentages, mean, coefficient of variance and heritability 

(confident intervals at 2.5% and 97.5% within brackets) of total oil, health score, tree height 

and essential oil compounds for E. bosistoana families at age 8 years old. Heritabilities with 

confidence intervals spanning 0 in grey.  

a 72 E. bosistoana families with 3 individuals each 

Trait Min Max  Mean CoV h2 

Total oil (µL/g) 3.89 41.21 14.31 0.29 0.25 (0.13, 0.37)  

Health Scorea 0 41.89 7.22 0.07 0.06 (-0.57, 0.56) 

Tree Heighta (m) 1.3 8.2 3.88 0.03 did not converge 

Compound (% of 

total oil) 

 

1,8-Cineole   40.31 82.13 57.21 0.11 0.78 (0.54, 1.03)  

β-Myrcene   0 1.02 0.18 1.69 0.06 (-0.01, 0.14)  

α-Pinene 0 5.99 1.06 0.64 0.08 (-0.01, 0.16)  

Aromadendrene   1.17 18.56 10.35 0.29 1.14 (0.78, 1.42)  

Trans-pinocarveol  0.38 5.63 3.02 0.29 0.32 (0.17, 0.46)  

Limonene  1.24 10.57 5.21 0.27 0.07 (0.01, 0.15)  

Linalool  0 3.87 1.08 0.57 0.28 (0.14, 0.42)  

Ocimene  0 14.14 2.29 0.66 0.12 (0.03, 0.21)  

Caryophyllene  0 6.30 0.78 0.52 0.08 (-0.01, 0.16)  

α-Terpineol  0 10.09 2.51 0.68 0.15 (0.03, 0.30)  

Unidentified 1   0 7.02 0.77 1.15 0.36 (0.19, 0.57)  

Unidentified 2  0.28 12.91 4.37 0.44 0.21 (0.07, 0.38)  

Unidentified 3  0 0.75 0.18 0.76 0.22 (0.09, 0.38)  

Unidentified 4  0 5.93 0.87 1.08 0.09 (0.00, 0.23)  

Unidentified 5  0 8.08 1.79 0.45 0.11 (0.00, 0.26)  

Unidentified 6  0 1.99 0.83 0.41 0.37 (0.20, 0.58)  

Unidentified 7  0.04 5.22 0.42 0.84 0.10 (0.00, 0.24)  

Unidentified 8  0 10.50 4.91 0.34 0.59 (0.38, 0.83)  

Unidentified 9  0 4.53 1.17 0.54 0.20 (0.06, 0.35)  

Unidentified 10  0.06 2.92 0.93 0.55 0.20 (0.07, 0.36)  
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Figure 4.6: Variation of total oil yield per gram of fresh leaf between 85 E. bosistoana 

families in the Dillon breeding trial at age 8 years old 

 

Figure 4.7: Variation of 1,8-cineole percentage in the essential oil for 85 E. bosistoana 

families in the Dillon breeding trial at age 8 years old 
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 Genetic and phenotypic correlations between essential oil traits 

Significant genetic and phenotypic correlations were obtained between phytochemicals 

extracted from E. bosistoana foliage (Table 4.2). Oil quality, determined by 1,8-cineole 

concentration, was negatively correlated to most other quantified compounds in the E. 

bosistoana oils (Table 4.2). Only the unidentified compound 2 was positively correlated to the 

1,8-cineole concentration, suggesting that it is part of the same biosynthetic pathway. Little or 

negative genetic and phenotypic correlations were reported between 1,8-cineole, α-pinene, β-

pinene, limonene and p-cymene in E. camaldulensis (Doran & Matheson, 1994).  

The negative correlation between total oil content and 1,8-cineol concentration at the 

phenotypic and genetic level (rp = -0.44 and rg = -0.70, respectively) implied that families with 

a higher quality oil have less oil in the leaves. This was in agreement with the observation that 

selection of trees with higher 1,8-cineole concentrations led to reduced oil yields for E. 

polybractea (Mazanec et al., 2021). While more leaf matter needs to be extracted for a given 

volume of oil, this, however, is not proof that these families also produce less oil in a plantation 

as it has been shown for other species that oil production is dependent on foliage mass rather 

than oil content of the leaves (Coppen, 2002; Doran & Matheson, 1994). Strong positive 

phenotypic (rp = 0.81) and genetic (rg = 0.80) correlations were found between total 

monoterpenes and 1,8-cineole yields in 19 families of E. camaldulensis (Doran & Matheson, 

1994).  

Total oil yield was genetically positively correlated with β-myrcene (rg = 0.78), α-pinene (rg = 

0.72), linalool (rg = 0.80), aromadendrene (rg = 0.74), and unknown compounds 3 (rg = 0.72) 

and 8 (rg = 0.80). This indicated that the additional oil in the leaves was due to more of these 

compounds rather than the desired 1,8-cineol. Terpenes with near perfect genetic correlations 

such as β-myrcene, α-pinene, linalool, aromadendrene, α-terpineol and trans-pinocarveol may 

have linked or shared biosynthetic pathways (Table 4.2).   
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Defoliation insect loads were high at the time of leaf sampling for essential oil assessments and 

virtually no undamaged leaves were found for collection (Figure 4.8). Hence it is unclear if the 

observed oil traits and correlations were features expressed by healthy E. bosistoana trees or a 

response to the insect damage.  

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Insect defoliation of E. bosistoana (8 year old) in the Dillion trial at 

time of sampling leaves for essential oil assessment.  
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e   
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Pinene 
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e  
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dendren

e   

Caryop

hyllene  

Trans-

pinocar-

veol  

α-

Terpine

ol  

Un 1   Un 2  Un 3  Un 4  Un 5  Un 6  Un 7  Un 8  Un 9  Un 10  

Total oil 
 

-0.70  

(-0.88,  

-0.51) 

0.78  

(0.18, 

1.35) 

0.72  

(0.31, 

1.13) 

-0.17  

(-0.71, 

0.35) 

-0.34  

(-0.77, 

0.07) 

0.80  

(0.59, 

1.00) 

0.74  

(0.56, 

0.91) 

0.28  

(-0.25, 

0.79) 

0.66  

(0.44, 

0.89) 

0.49  

(0.09, 

0.85) 

-0.47  

(-0.74,  

-0.21) 

-0.82 

(-1.10, 

 -0.60) 

0.72  

(0.47, 

0.97) 

0.34  

(-0.34, 

0.99) 

0.52  

(-0.13, 

1,20) 

0.79  

(0.62, 

0.96) 

0.99  

(-0.21, 

2,23) 

0.80  

(0.64, 

0.94) 

0.56  

(0.28, 

0.85) 

-0.34  

(-0.67, 

0.03) 

1,8-Cineole   -0.44  

(-0.51, 

 -0.36) 

 
-0.74  

(-1.17,  

-0.32) 

-0.71  

(-1.01,  

-0.38) 

0.28  

(-0.12, 

0.70) 

-0.10  

(-0.48, 

0.25) 

-0.90  

(-1.01,  

-0.77) 

-0.94  

(-0.98,  

-0.90) 

-0.38  

(-0.75, 

0.03) 

-0.75  

(-0.91, 

 -0.60) 

-0.46  

(-0.82,  

-0.08) 

0.09  

(-0.19, 

0.32) 

0.52  

(0.24, 

0.80) 

-0.91  

(-1.05,  

-0.77) 

-0.20  

(-0.79, 

0.39) 

-0.36  

(-0.98, 

0.23) 

-0.83  

(-0.93, 

 -0.72) 

-0.75  

(-1,74, 

0.25) 

-0.88  

(-0.95,  

-0.80) 

-0.75  

(-0.94,  

-0.56) 

-0.18  

(-0.51, 

0.17) 

Β-Myrcene   0.02  

(-0.07, 

0.12)  

-0.18  

(-0.27,  

-0.09) 

 
0.61  

(0.05, 

1.17) 

-0.30  

(-1.30, 

0.66) 

-0.02  

(-0.68, 

0.68) 

0.82  

(0.43, 

1.24) 

0.81  

(0.44, 

1,25) 

0.99  

 
0.81  

(0.17, 

1.39) 

0.07  

(-0.68, 

0.82) 

-0.07  

(-0.53, 

0.38) 

-0.51  

(-1.13, 

0.10) 

0.79  

(0.35, 

1.24) 

0.03  

(-1.08, 

1.05) 

-0.27  

(-1.31, 

0.77) 

0.58  

(0.03, 

1.09) 

0.45  

(-1.28, 

2.14)  

0.56  

(0.08, 

1.07) 

0.44  

(-0.23, 

1,13) 

-0.08  

(-0.74, 

0.49) 

α-Pinene 0.14  

(0.05, 

0.23) 

-0.33  

(-0.41,  

-0.25) 

0.38  

(0.29, 

0.45) 

 
0.18  

(-0.47, 

0.83) 

0.10  

(-0.50, 

0.68) 

0.81  

(0.54, 

1.06) 

0.72  

(0.35, 

1.08) 

0.39  

(-0.29, 

1.04) 

0.52  

(0.03, 

1.04) 

-0.15  

(-0.86, 

0.47) 

-0.08  

(-0.52, 

0.36) 

-0.14  

(-0.65, 

0.35) 

0.40  

(-0.06, 

0.86) 

0.43  

(-0.63, 

1.47) 

-0.12  

(-1.12, 

0.82) 

0.40  

(-0.04, 

0.85) 

0.38  

(-1.01, 

1.85) 

0.55  

(0.12, 

0.97) 

0.21  

(-0.31, 

0.75) 

-0.25  

(-0.82, 

0.27) 

Limonene  -0.23  

(-0.32,  

-0.13) 

0.04  

(-0.06, 

0.13) 

0.42  

(0.33, 

0.49) 

0.60  

(0.54, 

0.66) 

 
-0.01  

(-0.61, 

0.64) 

-0.02  

(-0.49, 

0.52) 

-0.37  

(-0.78, 

0.02) 

0.37  

(-0.43, 

1.13) 

-0.61  

(-0.92,  

-0.26) 

-0.28  

(-0.96,  

-0.43) 

0.31  

(-0.14, 

0.73) 

0.75  

(0.19, 

1.37) 

-0.44  

(-1.04, 

0.08) 

0.10  

(-0.95, 

1.30) 

-0.92  

(-2.28, 

0.33) 

-0.63  

(-0.98,  

-0.26) 

-0.76  

(-2.11, 

0.39) 

-0.57  

(-0.90, 

 -0.23) 

-0.56  

(-1.05,  

-0.09) 

0.13  

(-0.46, 

0.72) 

Ocimene  -0.01  

(-0.11, 

0.08) 

-0.20  

(-0.29,  

-0.10) 

-0.14  

(-0.23,  

-0.04) 

-0.10  

(-0.20,  

-0.01) 

-0.13  

(-0.22,  

-0.04) 

 
0.01  

(-0.42, 

0.45) 

-0.14  

(-0.49, 

0.22) 

-0.42  

(-0.99, 

0.16) 

-0.27  

(-0.70, 

0.18) 

0.49  

(0.01, 

1.01) 

0.66  

(0.35, 

0.98) 

0.12  

(-0.36, 

0.59) 

-0.05  

(-0.52, 

0.41) 

-0.09  

(-0.93, 

0.78) 

-0.01  

(-0.75, 

0.85) 

-0.17  

(-0.58,  

-0.20) 

0.42  

(-0.86, 

1.87) 

-0.28  

(-0.63, 

0.07) 

-0.01  

(-0.50, 

0.48) 

0.42  

(-0.12, 

0.96) 

Linalool  0.39  

(0.31, 

0.47)  

-0.49  

(-0.56,  

-0.42) 

0.35  

(0.26, 

0.43) 

0.59  

(0.52, 

0.64) 

0.28  

(0.19, 

0.37) 

-0.13  

(-0.22,  

-0.03) 

 
0.94  

(0.83, 

1.06) 

0.34  

(-0.14, 

0.77) 

0.75  

(0.51, 

1.00) 

0.24  

(0.23, 

0.67) 

-0.37  

(-0.64,  

-0.08) 

-0.62  

(-0.93,  

-0.28) 

0.82  

(0.63, 

1.01) 

0.33  

(-0.39, 

0.99) 

0.09  

(-0.57, 

0.76) 

0.83  

(0.64, 

1.03) 

0.66  

(-0.54, 

1.81) 

0.80  

(0.62, 

0.98) 

0.50  

(0.11, 

0.83) 

-0.15  

(-0.51, 

0.22) 

Aromadend

rene   

0.37  

(0.28 

0.45) 

-0.78  

(-0.82,  

-0.74) 

0.14  

(0.04, 

0.23) 

0.05  

(-0.04, 

0.15) 

-0.27  

(-0.36,  

-0.18) 

-0.06  

(-0.15, 

0.04) 

0.41  

(0.32, 

0.48) 

 
0.42  

(0.03, 

0.82) 

0.89  

(0.80, 

0.97) 

0.28  

(-0.08, 

0.65) 

-0.32  

(-0.57,  

-0.10) 

-0.71  

(-0.94,  

-0.49) 

0.98  

(0.86, 

1.10) 

0.13  

(-0.42, 

0.71) 

0.52  

(-0.15, 

1,23) 

0.90  

(0.83, 

0.97) 

0.66  

(-0.31, 

1.48) 

0.94  

(0.90, 

0.98) 

0.68  

(0.45, 

0.89) 

0.12  

(-0.19, 

0.45) 

Caryophylle

ne  

 0.03  

(-0.06,  

0.12) 

-0.31  

(-0.38,  

-0.22) 

-0.03  

(-0.13, 

0.06) 

0.15  

(0.06, 

0.24) 

-0.03  

(-0.12, 

0.07) 

-0.08  

(-0.17, 

0.01) 

0.11  

(0.01, 

0.20) 

0.21  

(0.12, 

0.30) 

 
0.23  

(-0.25, 

0.69) 

-0.24  

(-0.90, 

0.42) 

0.16  

(-0.23, 

0.58) 

-0.17  

(-0.70, 

0.40) 

0.34  

(-0.13, 

0.88) 

-0.82  

(-2.07, 

0.44) 

-0.25  

(-1.22, 

0.59) 

0.25  

(-0.16, 

0.67) 

0.10  

(-1.13, 

1.32) 

0.30  

(-0.11, 

0.72) 

0.13  

(-0.44, 

0.70) 

0.61  

(0.11, 

1.10) 

Trans-

pinocarveol  

0.36  

(0.28, 

0.45) 

-0.46  

(-0.53,  

-0.38) 

-0.13  

(-0.22,  

-0.03) 

-0.29  

(-0.38,  

-0.20) 

-0.60  

(-0.65,  

-0.53) 

0.09  

(-0.01, 

0.18) 

0.05  

(-0.04, 

0.15) 

0.66  

(0.60, 

0.71) 

0.12  

(0.02, 

0.21) 

 
0.18  

(-0.26, 

0.62) 

-0.56  

(-0.79,  

-0.33) 

-0.99  

(-1.21,  

-0.79) 

0.98  

(0.81, 

1.16) 

0.16  

(-0.52, 

0.80) 

0.42  

(-0.28, 

1.13) 

0.93  

(0.83, 

1.02) 

0.61  

(-0.36, 

1.57) 

0.93  

(0.85, 

1.02) 

0.65  

(0.38, 

0.91) 

-0.03  

(-0.39, 

0.35) 

α-Terpineol  0.34  

(0.25, 

0.42) 

-0.26  

(-0.35,  

-0.17) 

-0.03 (-

0.12, 0.07) 
0.24  

(0.15, 

0.33) 

0.11  

(0.01, 

0.20) 

0.23  

(0.13, 

0.31) 

0.24  

(0.14, 

0.32) 

-0.04  

(-0.13, 

0.06) 

-0.06  

(-0.16, 

0.03) 

-0.10  

(-0.19,  

-0.01) 

 
-0.18  

(-0.53, 

0.23) 

-0.33  

(-0.77, 

0.17) 

0.15  

(-0.32, 

0.66) 

0.86  

(-0.52, 

2.28) 

0.75  

(-0.09, 

1.56) 

0.35  

(-0.10, 

0.77) 

0.99  0.40  

(-0.04, 

0.77) 

0.55  

(0.16, 

0.97) 

-0.48  

(-0.87, 

0.05) 

Un 1   -0.29  

(-0.37,  

-0.19) 

-0.10  

(-0.20,  

-0.01) 

-0.03  

(-0.12, 

0.07) 

0.16  

(0.07, 

0.26) 

0.17  

(0.07, 

0.26) 

0.13  

(0.04, 

0.22) 

-0.23  

(-0.29,  

-0.11) 

-0.16  

(-0.25,  

-0.07) 

0.25  

(0.16, 

0.34) 

-0.26  

(-0.34,  

-0.17) 

-0.03  

(-0.12, 

0.07) 

 
0.67  

(0.41, 

0.93) 

-0.45  

(-0.73,  

-0.18) 

-0.32  

(-0.94, 

0.32) 

-0.26  

(-0.88, 

0.32) 

-0.45  

(-0.66,  

-0.20) 

-0.34  

(-1.24, 

0.63) 

-0.43  

(-0.65,  

-0.21) 

-0.01  

(-0.35, 

0.38) 

0.47  

(0.16, 

0.74) 

Un 2  -0.33  

(-0.42,  

-0.25) 

0.10  

(0.01, 

0.19) 

-0.02  

(-0.11, 

0.08) 

-0.15  

(-0.24,  

-0.05) 

0.03  

(-0.06, 

0.13) 

-0.08  

(-0.18, 

0.01) 

-0.20  

(-0.29,  

-0.11) 

-0.29  

(-0.37,  

-0.20) 

-0.02  

(-0.12, 

0.07) 

-0.25  

(-0.34,  

-0.16) 

-0.24  

(-0.33,  

-0.15) 

0.16  

(0.06, 

0.25) 

 
-0.67  

(-1.00,  

-0.31) 

-0.34  

(-1.10, 

0.41) 

-0.77  

(-1.53,  

-0.01) 

-0.80  

(-1.00,  

-0.57) 

-0.74 

 (-2.01, 

0.59) 

-0.74  

(-0.98,  

-0.50) 

-0.36  

(-0.71, 

0.03) 

0.34  

(-0.03, 

0.75) 

Un 3  0.38  

(0.29, 

0.45) 

-0.44  

(-0.51,  

-0.36) 

0.31  

(0.23, 

0.40) 

0.20  

(0.11, 

0.29) 

0.20  

(0.11, 

0.29) 

-0.09  

(-0.18, 

0.01) 

0.48  

(0.40, 

0.55) 

0.47  

(0.39, 

0.54) 

0.06  

(-0.04, 

0.15) 

0.32  

(0.23, 

0.40) 

0.04  

(-0.05, 

0.14) 

-0.19  

(-0.28,  

-0.09) 

-0.17  

(-0.26,  

-0.08) 

 
0.14  

(-0.61, 

0.94) 

0.41  

(-0.34, 

1.17) 

0.99  

(0.83, 

1.14) 

0.56  

(-0.53, 

1.70) 

0.95  

(0.80, 

1.09) 

0.63  

(0.27, 

1.01) 

0.07  

(-0.38, 

0.50) 

Un 4  0.23  

(0.14, 

0.32) 

-0.22  

(-0.31,  

-0.12 

-0.11  

(-0.20,  

-0.01) 

-0.04  

(-0.13, 

0.06) 

-0.17  

(-0.26,  

-0.07) 

-0.04 

(-0.14, 

0.05) 

0.05  

(-0.04, 

0.15) 

0.19  

(0.09, 

0.28) 

0.04  

(-0.05, 

0.14) 

0.25  

(0.16, 

0.33) 

-0.26  

(-0.35,  

-0.17) 

-0.08  

(-0.17, 

0.02) 

-0.10  

(-0.20,  

-0.01) 

0.04  

(-0.06, 

0.13) 

 
0.17  

(-1.22, 

1.62) 

0.13  

(-0.55, 

0.75) 

0.37  

(-1.21, 

2.06) 

0.13  

(-0.53, 

0.71) 

0.24  

(-0.49, 

0.99) 

-0.64  

(-1.53, 

0.22) 

Un 5  0.21  

(0.12, 

0.30) 

-0.23  

(-0.32,  

-0.14) 

-0.01  

(-0.10, 

0.09) 

0.16  

(0.07, 

0.25) 

0.05  

(-0.05, 

0.14) 

0.17  

(0.08, 

0.26) 

0.10  

(0.01, 

0.19) 

0.01  

(-0.08, 

0.11) 

-0.01  

(-0.11, 

0.08) 

0.03  

(-0.06, 

0.13) 

0.24  

(0.14, 

0.32) 

-0.08  

(-0.16, 

0.02) 

-0.21  

(-0.30,  

-0.12) 

0.02  

(-0.08, 

0.11) 

0.04  

(-0.06, 

0.13) 

 
0.56  

(-0.21, 

1.27) 

0.99( 0.60  

(-0.08, 

1.32) 

0.33  

(-0.40, 

1.09) 

-0.12  

(-0.85, 

0.62) 

Un 6  0.48  

(0.40, 

0.55) 

-0.61  

(-0.67,  

-0.54) 

-0.07  

(-0.16, 

0.03) 

-0.12  

(-0.21,  

-0.03) 

-0.45  

(-0.52,  

-0.36) 

-0.07  

(-0.16, 

0.03) 

0.17  

(0.08, 

0.26) 

0.73  

(0.69, 

0.77) 

0.16  

(0.07, 

0.25) 

0.62  

(0.56, 

0.68) 

-0.02  

(-0.12, 

0.07) 

-0.18  

(-0.27,  

-0.08) 

-0.24  

(-0.33,  

-0.15) 

0.35  

(0.26, 

0.43) 

0.24  

(0.15, 

0.33) 

0.04  

(-0.06, 

0.13) 

 
0.93  

(-0.13, 

2.09) 

0.94  

(0.90, 

0.98) 

0.73  

(0.53, 

0.94) 

-0.03  

(-0.40, 

0.33) 

Un 7  0.32  

(0.24, 

0.41) 

-0.26  

(-0.34,  

-0.16) 

-0.14  

(-0.24,  

-0.05) 

-0.11  

(-0.20,  

-0.01) 

-0.27  

(-0.36,  

-0.18) 

-0.03  

(-0.12, 

0.07) 

-0.01  

(-0.10, 

0.09) 

0.21  

(0.12, 

0.30) 

0.12  

(0.02, 

0.21) 

0.26  

(0.16, 

0.34) 

-0.02  

(-0.11, 

0.08) 

0.01  

(-0.08, 

0.10) 

-0.09  

(-0.18, 

0.01) 

0.13  

(0.03, 

0.22) 

0.23  

(0.14, 

0.32) 

0.03  

(-0.06, 

0.13) 

0.34  

(0.26, 

0.42) 

 
0.78  

(-0.17, 

1.70) 

0.83  

(-0.24, 

1.93) 

-0.03  

(-1.16, 

1.04) 

Un 8  0.52  

(0.45, 

0.58) 

-0.69  

(-0.73, 

0.63) 

-0.01  

(-0.10, 

0.09) 

-0.06  

(-0.15, 

0.04) 

-0.45  

(-0.52,  

-0.37) 

-0.09  

(-0.18, 

0.01) 

0.23  

(0.13, 

0.31) 

0.80  

(0.77, 

0.83) 

0.18  

(0.09, 

0.27) 

0.80  

(0.76, 

0.83) 

-0.03  

(-0.12, 

0.07) 

-0.20  

(-0.29,  

-0.11) 

-0.25  

(-0.34,  

-0.16) 

0.39  

(0.30, 

0.47) 

0.24  

(0.15, 

0.33) 

0.04  

(-0.06, 

0.13) 

0.83  

(0.79, 

0.85) 

0.28  

(0.19, 

0.37) 

 
0.74  

(0.55, 

0.92) 

-0.03  

(-0.39, 

0.32) 

Un 9  0.44  

(0.36, 

0.52) 

-0.58  

(-0.64,  

-0.51) 

-0.15  

(-0.24,  

-0.05) 

0.11  

(-0.08, 

0.10) 

-0.24  

(-0.32,  

-0.15) 

0.11  

(0.01, 

0.20) 

0.05  

(-0.04, 

0.14) 

0.39  

(0.31, 

0.47) 

0.30  

(0.21, 

0.38) 

0.33  

(0.25, 

0.42) 

0.29  

(0.20, 

0.38) 

0.18  

(0.08, 

0.27) 

-0.24  

(-0.33,  

-0.15) 

0.14  

(0.05, 

0.23) 

0.24  

(0.14, 

0.32) 

0.16  

(0.07, 

0.25) 

0.50  

(0.43, 

0.57) 

0.35  

(0.26, 

0.43) 

0.50  

(0.43, 

0.57) 

 
-0.14  

(-0.56, 

0.27) 

Un 10  -0.39  

(-0.47,  

-0.31) 

-0.06  

(-0.15, 

0.04) 

0.13  

(0.03, 

0.22) 

0.01  

(-0.08, 

0.11) 

0.11  

(0.01, 

0.20) 

-0.16  

(-0.25,  

-0.07) 

-0.02  

(-0.12, 

0.07) 

0.01  

(-0.08, 

0.11) 

0.20  

(0.11, 

0.29) 

-0.15  

(-0.24,  

-0.05) 

-0.34  

(-0.42,  

-0.26) 

0.28  

(0.19, 

0.36) 

0.32  

(0.24, 

0.41) 

0.01  

(-0.08, 

0.11) 

-0.12  

(-0.22,  

-0.03) 

-0.15  

(-0.24, 

 -0.06) 

-0.03  

(-0.12, 

0.07) 

0.05  

(-0.05, 

0.14) 

0.02  

(-0.08, 

0.11) 

-0.24  

(-0.33,  

-0.15) 

 

Table 4.2: Genetic (above diagonal) and phenotypic (below diagonal) correlations between the total oil content and the individually quantified compounds in E. 

bosistoana essential oil at 8 years old. Negative correlations in red, positive correlations in black and correlations with confidence intervals spanning 0 in grey. 

Confidence intervals at 2.5% and 97.5% are inside brackets indicate in grey colour 
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 Effect of essential oil traits on insect defoliation  

The health score was not heritable for this assessment (Table 4.1). The small number of 

individuals (n = 3) assessed for this trait was likely contributing to this result. In particular, as 

the Dillon E. bosistoana trial is located on a valley slope displaying variable microclimatic 

conditions and pest defoliation is affected by the environmental stress like soil fertility, 

moisture level and sunlight (Landsberg, 1990; Stone & Bacon, 1994). Defoliation was 

demonstrated to be heritable for E. regnans (h2 = 0.13-0.41), E. nitens (h2 = 0.48) (Raymond, 

1995), E. globulus (h2 = 0.24-0.33) (Jones et al., 2002) and E. tricarpa (h2 = 0.34) (Andrew et 

al., 2007).  

None of the assessed essential oil traits, except caryophyllene, showed a significant phenotypic 

correlation to insect defoliation in this E. bosistoana trial (Table 4.3). The phenotypic 

correlation of rp = 0.24 (0.03, 0.43) between breeding values of health scores and caryophyllene 

suggested that trees with higher quantities of caryophyllene could be more susceptible to pest 

damage. However, no genetic correlation was associated with these two traits (data not shown) 

or between the breeding values (Table 4.3). In fact, none of the oil traits showed a significant 

genetic correlation to health score (data not shown), backed up by the absence of correlations 

between the breeding values.  

In eucalypts, defence against insect and mammalian pests was reported to be related to 

formylated phloroglucinol compounds rather than terpenes (O'Reilly‐Wapstra et al., 2004; 

Stone & Bacon, 1994; Wallis & Foley, 2005). In particular sideroxylonal and macrocarpal were 

negatively correlated to pest damage (Andrew et al., 2007; O’Reilly-Wapstra et al., 2007). The 

terpene limonene on the other hand was associated with a E. urophylla x E. grandis clone 

resistant to myrtle rust A. psidii, while susceptible clones were rich in 1,8-cineole, α-pinene 

and γ-terpinene (Silva et al., 2020). 
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Further, it was suggested that in general, physical traits like leaf thickness, roughness, etc., 

rather than chemical traits affect herbivore action. Foliage toughness, spines or hairs make 

feeding difficult to insect herbivores, while the leaf surface structure can have an effect on the 

ability to deposit eggs (Lowman & Box, 1983). This was supported by a study of 23 E. 

bosistoana families which suggested that tree size and leaf type had a significant effect on the 

insect responses (Lin, 2017). 

 Correlation of essential oil traits with tree height  

No significant phenotypic or genetic correlation between tree height and the oil traits were 

found for this E. bosistoana trial. This finding was in line with reports of low genetic (0.044) 

and phenotypic (0.041) correlations between tree height and leaf 1,8-cineole concentration for 

E. camaldulensis (Doran & Matheson, 1994) and in Melaleuca cajuputi (Myrtaceae) between 

height and 1,8-cineole proportions (rp = 0.07, rg = -0.06) and height and oil concentration (rp = 

-0.18, rg = 0.01) (Susanto et al., 2003).  

It should be noted that tree height was not heritable (did not converge) in the data obtained for 

the E. bosistoana trees in the Dillion trial (Table 4.1). This might be an artefact of the small 

number of individuals (n = 3) assessed for each family. While heritability estimates for tree 

height of h2 = of up to 0.60. for some eucalypts were reported, e.g. E. badjensis h2 = 0.31 

(Santos et al., 2015), E. nitens h2 = 0.10-0.60 (Klápště et al., 2020) or E. urophylla x E. grandis 

hybrids h2 = 0.31 (Bartholomé et al., 2013), low (h2 = 0.10 to 0.17) estimates of heritability for 

height were reported for 73 E. bosistoana families were low (Apiolaza et al., 2011; Burgess, 

2015). The latter was also consistent with the absent or low heritability of growth traits in E. 

globulus and E. nitens breeding trials (Ballesta et al., 2018; Suontama et al., 2019).   
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 Superior families 

Of the 85 E. bosistoana families, 19 families had breeding values consistent with the standard 

commercial oil quality requirement of over 60% 1,8-cineole (Chapter 1). The family yielding 

the purest oil with a 1,8-cineole of 73.5% was family 876, 28% higher than the population 

mean. In the global market, 1,8-cineole percentages ranged between 45-52% for E. globulus 

oil from China (IFEAT, 2017) and 80-95% for E. polybractea oil from Australia (Goodger & 

Woodrow, 2008; Kainer et al., 2017). Breeding values of 1,8-cineole percentages were plotted 

with total oil contents in Figure 4.9. The 10 families with above average breeding values for 

both traits are located in the red square. Breeding values of all traits were showed in Table 9.1 

(Appendix II). It should be noted that, oil yield per leaf mass is not an indication of oil yield of 

a commercial plantation as this is mostly controlled by biomass (Coppen, 2002; Mazanec et 

al., 2021; Spencer et al., 2021) and it was recommended to assess oil yields on a biomass per 

plantation area rather than per leaf mass basis (Mazanec et al., 2021; Mazanec et al., 2020). 

Therefore, oil quality, i.e. the 1,8-cineole content, is the most relevant trait of in this study.   

It also should be noted that oil quantity and quality varies with season and is highest in summer 

(Chapter 3). Therefore, as leaves for the genetics study were sampled in autumn (March) higher 

yields and quality could be achieved. Furthermore, commercial oil extraction is based on steam 

distillation, resulting in a more pure oil as the microwave solvent extraction method used for 

this study also extracted non-volatile compounds. 
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Table 4.3: Correlations (confidence intervals within brackets) between oil traits and tree health 

(defoliation scores) as well as tree height for 8 years old E. bosistoana (values indicate in grey 

colours show large confidence intervals that spanning 0) 

 Oil trait Phenotypic correlations Correlation between breeding 

values  

Health score Tree height Health score Tree height 

Total oil 0.13  

(-0.13, 0.33)  

0.06  

(-0.17, 0.28) 

-0.06  

(-0.27, 0.16) 

-0.06 

(-0.15, 0.26) 

1,8-Cineole   -0.11 

 (-0.33, 0.12)  

-0.08  

(-0.30, 0.15) 

0.06  

(-0.16, 0.27) 

-0.07  

(-0.28, 0.14) 

Myrcene   0.15  

(-0.08, 0.37) 

-0.03  

(-0.26, 0.20) 

0.19  

(-0.02, 0.39) 

-0.03  

(-0.25, 0.17) 

α-Pinene -0.01  

(-0.24, 0.22)  

0.08  

(-0.16, 0.30) 

0.18  

(-0.03, 0.38) 

0.07  

(-0.14, 0.28) 

Aromadendrene   -0.02  

(-0.25, 0.20)  

0.11  

(-0.13, 0.33) 

-0.08  

(-0.28, 0.14) 

0.10 

(-0.11, 0.30) 

Trans-pinocarveol  -0.06  

(-0.29, 0.17)  

0.07  

(-0.17, 0.29) 

-0.19  

(-0.38, 0.03) 

0.06  

(-0.15, 0.27) 

Limonene  0.15 

(-0.08, 0.37)  

-0.07  

(-0.30, 0.16) 

0.14  

(-0.07, 0.35) 

-0.06  

(-0.26, 0.16) 

Linalool  0.06  

(-0.17, 0.29)  

0.16  

(-0.08, 0.37) 

0.11  

(-0.10, 0.32) 

0.16 

 (-0.06, 0.36) 

Ocimene  0.14  

(-0.09, 0.36)  

0.05  

(-0.18, 0.28) 

-0.07  

(-0.28, 0.14) 

0.04  

(-0.16, 0.25) 

Caryophyllene  0.00  

(-0.23, 0.26)  

-0.03  

(-0.25, 0.20) 

0.24  

(0.03, 0.43) 

-0.02  

(-0.23, 0.19) 

Terpineol  0.17  

(-0.05, 0.19)  

-0.02  

(-0.25, 0.21) 

-0.20  

(-0.38, 0.02) 

-0.00  

(-0.21, 0.21) 

Unidentified 1   0.11  

(-0.13, 0.33)  

-0.12  

(-0.34, 0.11) 

0.09  

(-0.12, 0.30) 

-0.13  

(-0.33, 0.09) 

Unidentified 2  0.06 

(-0.17, 0.29)  

-0.09  

(-0.31, 0.14) 

0.15  

(-0.06, 0.35) 

-0.09  

(-0.29, 0.13) 

Unidentified 3  0.20  

(-0.04, 0.41)  

0.07  

(-0.16, 0.29) 

-0.04  

(-0.25, 0.17) 

0.07  

(-0.14, 0.28) 

Unidentified 4  0.04  

(-0.18, 0.27)  

0.14  

(-0.09, 0.36) 

-0.14  

(-0.34, 0.08) 

0.13  

(-0.08, 0.33) 

Unidentified 5  -0.13 

(-0.35, 0.10)  

-0.06  

(-0.28, 0.17) 

-0.12  

(-0.32, 0.09) 

-0.07  

(-0.28, 0.14) 

Unidentified 6  0.05  

(-0.18, 0.28)  

0.08  

(-0.15, 0.30) 

-0.11  

(-0.32, 0.10) 

0.08 

(-0.13, 0,28) 

Unidentified 7  0.01  

(-0.22, 0.24)  

0.05  

(-0.18, 0.28) 

-0.16  

(-0.36, 0.05) 

0.05  

(-0.16, 0.26) 

Unidentified 8  -0.01  

(-0.24, 0.21)  

0.10  

(-0.13, 0.32) 

-0.10  

(-0.31, 0.11) 

0.09 

(-0.12, 0.29) 

Unidentified 9  0.12  

(-0.11, 0.35)  

-0.05  

(-0.27, 0.18) 

-0.08  

(-0.28, 0.14) 

-0.03  

(-0.24, 0.18) 

Unidentified 10  0.06 

(-0.16, 0.29)  

0.08  

(-0.15, 0.31) 

0.18  

(-0.03, 0.37) 

0.07  

(-0.14, 0.28) 



81 

 

Figure 4.9: Distribution of breeding values of 1,8-cineole and total oil yield in 8 year old E. 

bosistoana families  

 

The 85 families established for this study originated from seeds that had been collected from 6 

tentative family provenances located along the south-eastern coast of Victoria, Australia, 

highlighted pink in Figure 4.10. A wider range of provenances has been established in other E. 

bosistoana breeding trials but was not assessed for oil traits in this study. Future work should 

investigate a provenance effect on essential oil traits of E. bosistoana. 
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Figure 4.10: E. bosistoana seed collected family provenances in south eastern Australia  

Copyright (2020) by Seoljong Kim
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5 Chapter 5: Economics of E. bosistoana leaf oil production  

5.1 Introduction 

Essential oil yield of a plantation is best expressed as oil yield per area per time. Therefore, 

yield is not only dependent on the oil content in the leaves, but also the leaf biomass per unit 

area of the plantation and the growth rate of the trees. 

𝐸𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 [
𝑘𝑔𝑜𝑖𝑙

ℎ𝑎 × 𝑦𝑒𝑎𝑟
] = 𝐿𝑒𝑎𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 [

𝑘𝑔𝑙𝑒𝑎𝑓

ℎ𝑎 ×  𝑦𝑒𝑎𝑟
] ×  𝑂𝑖𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [

𝑘𝑔𝑜𝑖𝑙

𝑘𝑔𝑙𝑒𝑎𝑓
] 

Essential oil concentrations have been investigated and discussed in chapter 2, 3 and 4. It has 

been reported that essential oil yields are predominately controlled by the available leaf 

biomass and not the oil content of the leaves (Coppen, 2002; Doran et al., 2007). 

This chapter considers options of leaf biomass production based on literature data and in 

combination with the results from chapters 2, 3 and 4 provides estimates of essential oil yield 

of E. bosistoana plantations. 

 Silvicultural regimes for eucalypts essential oil production 

The FAO (Food and Agriculture Organization) defined three silvicultural regimes for 

commercial oil production (FAO, 1995):  

1. Utilizing the “waste” leaves from trees primarily grown for timber or pulp 

2. Short rotation harvesting of coppice from plantations established for oil production  

3. Continuous harvesting from wild forests 

At present eucalyptus essential oil production is based on utilising ‘waste leaves’ from wood 

harvesting operations and dedicated short-rotation coppice plantations while continuous 
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harvesting from wild forests has ceased. In addition, dual purpose plantations, targeting 

essential oil and biomass, have also been established.  

 

  Essential oil production from forest residues 

Leaves are available from pruning, thinning and harvesting operations of eucalyptus 

plantations primarily grown for wood. The quantity of leaves available as well as options and 

costs for extraction differ between the operations, with harvesting and mechanised production 

thinning likely the most cost effective.  

 

 Harvest 

In China, Portugal and Spain, leaves and branches sourced from E. globulus plantations grown 

for pulp, timber or firewood, have been used to produce essential oil. In Portugal, E. globulus 

is mainly grown for pulp production as a coppice system of three or four rotations of 10-12 

years (Coppen & Hone, 1992). Leaves are sourced during the harvesting of trees for pulp 

production or from surplus copious shoots that are cut at ground level (Silvestre et al., 1997).  

 

 Thinning 

Typical silvicultural plantation regimes include thinning operations (Ferraz Filho et al., 2014; 

Whitesell et al., 1992). Thinning helps to increase the growth rate, canopy size and foliage 

density resulting in larger and typically better formed trees (Medhurst & Beadle, 2001; Nutto 

& Touza Vázquez, 2005). The typical recommended initial stocking for eucalypt plantations is 

around 1000 stems/ha, which is then reduced by thinning depending on the target tree 

dimensions (Beadle et al., 2008; Ferraz Filho et al., 2014; Nutto & Touza Vázquez, 2005). 

Leaves from trees felled during thinning operations are also suitable for oil production 

(Coppen, 2002).  
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Thinning operations can be classed into ‘thinning to waste’ or ‘production thinning’. In contrast 

to ‘thinning to waste’ where the trees including their foliage is left in the stand, ‘production 

thinning’ aims to extract the stems for timber production and therefore offers the opportunity 

to also extract foliage in the same operation. Costs for ‘production thinning’ are higher in 

difficult steep terrain and not necessarily matched by the timber value (Taylor & Visser, 2021). 

Realising additional revenue from the waste leaves could make such operations more 

profitable.  

 Pruning  

Leaves from pruning E. smithii and E. dives timber plantations have been used for essential oil 

production in China. The same procedure was practiced in pulpwood and firewood plantations 

of E. citriodora, E. globulus and E. camaldulensis in India. Pruned leaves of E. citriodora 

which have been planted for charcoal production have also been used for perfume industry oil 

production in Brazil (Coppen, 2002). Pruning operations were reported to yield 6-7 kg of fresh 

leaf biomass per tree for E. grandis (Nutto et al., 2015) and 1.5-3.5 kg for E. citriodora 

(Coppen, 2002; Gu et al., 2019).   

Pruning was shown to enhance growth of new shoots and consequently foliage as well as oil 

yield of 11 eucalyptus species including E. globulus. However, pruning height and time 

intervals need to be considered (Wirthensohn & Sedgley, 1998). 

 Dual purpose regimes 

Although, globally, E. globulus plantations are mainly established for timber and pulp 

production, the main essential eucalyptus oil production is centred around 4.6 million hectares 

of E. globulus plantings in the southern areas of China with 20,000 t of crude oil per year 

(Coppen, 2002; IFEAT, 2017). E. citriodora,  E. smithii, E. exserta and E. maidenii are also 

grown in China as dual purpose plantations as are E. smithii and E. radiata in South Africa and 

Australia and E. citriodora in Brazil (Coppen, 2002).  
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Trimmed branches, twigs and shoots derived from pruning operations are used for oil 

production (FAO, 1995). Chinese dual purpose eucalyptus plantations are pruned twice per 

year for the first three years shifting to yearly pruning thereafter. Oil production varies 

seasonally with the pruning time (IFEAT, 2017).  

 Dedicated short rotation regimes  

Dedicated essential oil short-rotation coppicing regimes are another source for eucalyptus 

leaves. Two silvicultural regimes are practiced, pollarding and subsequent pruning as well as 

mechanised harvesting of multi-stemmed mallees.  

 Pollarding and coppicing 

In Swaziland, E. smithii is coppiced every 16 months after 20-24 months. This process is 

generally continued over 20 years. Three or four coppice rotations are practiced in general in 

E. globulus plantations. E. globulus has been coppiced in ten year rotation for more than 100 

years in India (Coppen, 2002; IFEAT, 2016). It has been recommended to cut eucalyptus trees 

15 cm above the ground to ensure tree survival as ground level coppicing would be fatal 

(Coppen, 2002). E. dives have been cut at knee height at age 4-5 years and the re-grown shoots 

were harvested after 15-18 months (Coppen & Hone, 1992). E. citriodora and E. globulus twigs 

are reported to be pruned after 18 months of planting and this process is repeated twice per year 

for about 3 years in Brazil. Then trees are coppiced at knee height and allowed to grow again 

(Coppen, 2002).  

Figure 5.1 shows a schematic diagram of coppiced and pollarded trees. Leaf production is 

generally higher in pollarded trees than in coppiced trees (Muralidharan & Mascarenhas, 1995) 

and pollarding is practised with E. citriodora trees in India and China (Gu et al., 2019). Leaf 

biomass of 15 year old E. citriodora was three times larger when cut at 1, 2 or 3 m height (~3.5 

kg/tree) compared to 0.5 m and ground level. Total oil concentration in the leaves (5.9% w/w 

fresh) was highest in trees pollarded at 1 m height (Gu et al., 2019).  
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                             Figure 5.1: A diagram of coppiced and pollarded trees 

                             Copyright by Creative Commons 

 

 Mallees in Australia 

Australia grows 1,8-cineole rich (˃80%) mallees, commonly E. plenissima, E. loxophleba, E. 

polybractea and E. kochii, exclusively for essential oil production. Since E. polybractea and 

other oil producing mallees are shrubby multi-stemmed trees, Australia has practiced short 

rotation coppiced cultivation and biannual mechanical harvesting (FAO, 1995; Goodger & 

Woodrow, 2008). Plantations are established in spacing allowing machinery access (Figure 

5.2). The first harvest of leaves is scheduled 18-24 months (at 1-2 m height) after planting 

(Kainer, 2017). Plants are coppiced few centimetres above ground by a harvester and a mobile 

still is tugged behind. Once a still is filled, it is detached and another still is attached. Stills are 

directed to the nearby distillery (Larkin & McMullen, 2014). The optimum planting density of 

the mallees E. polybractea and E. kochii was assessed to be 7,000 stems/ha and 5,000 stems/ha 

for oil production, respectively (Milthorpe et al., 1998).  
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Figure 5.2: Mechanical harvesting of E. polybractea in Australia (Ridge, 2015). Copyright 

(2015) by Emu Ridge, Australia 

 

 Leaf biomass and oil yield 

Total oil yields of mallee plantations in Western Australia were reported to vary due to foliage 

biomass (Wildy et al., 2000). Tree growth and consequently leaf mass depends on soil fertility, 

climatic conditions (rainfall, humidity, temperature etc.), planting densities and genetics 

(Coppen, 2002). For example, eucalyptus growth rate and above ground biomass were 

enhanced in fertilized soils (Cromer et al., 1993; Laclau et al., 2003; Pereira et al., 1989). 

Drought and water logging significantly reduced tree growth and hence oil yield of E. 

camaldulensis (Doran & Bell, 1994). Leaf density and crown form were correlated with 

biomass and total oil yield in E. polybractea (Kainer et al., 2017).  

Table 5.1 and Table 5.2 summarise literature reports of leaf mass and essential oil yields of 

eucalypts. Foliar biomass yields of 40 families (12 trees per each family) of E. polybractea at 

16 months and 28 months were 2.7 kg/tree and 4.6 kg/tree, respectively (Kainer et al., 2017). 

E. polybractea leaf dry weights increased from 3.1 to 7.0 t/ha on dryland plots to 4.8 to 10.3 
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t/ha on irrigated plots at a stocking of 5,000 stems/ha at first year (Milthorpe et al., 1994). In 

line with this annual leaf oil production was lower under drought (117 to 230 kg/ha) than 

irrigated conditions (176 to 343 kg/ha). Similarly, higher annual dry foliage biomass was 

reported in 3 year old mallees (E. polybractea, E. plenissima and E. kochii) in higher rainfall 

areas (3-4 t/ha) compared to lower rainfall areas (1-2 t/ha) (Peck et al., 2012; Yu et al., 2015).  

For E. globulus in Portugal, total above ground biomass of trees aged 12 years has been 

estimated to include 5% leaves and 7% branches which provided 300 kg/ha of oil (Coppen, 

2002). An available foliage amount of 8-10 t/ha has been reported for E. globulus from Chile 

which yielded 100 kg/ha of essential oil (Coppen, 2002). Another study found foliage biomass 

and oil yields 2,125-3,375 kg/ha and 10-12 kg/ha for E. globulus in India, respectively 

(Chaturvedi, 1976). For China, annual leaf biomass and oil yield of 6-8 year old E. globulus 

were reported to be 30-60 t/ha and 450-900 kg/ha, respectively and E. citriodora coppice yield 

of 15 t/ha of fresh leaf mass was generating 180 kg/ha of oil (Coppen, 2002). An average oil 

quantity of 131 kg/ha at 2,222 trees/ha was found for 32 open pollinated E. radiata families 

after 23 months of growth, associated with a leaf dry weight of 0.5-1.5 kg/tree (Doran et al., 

1998). A yield of 700 kg/ha oil for two years old E. radiata at 1,900 trees/ha has also been 

reported (Eastham et al., 1993).  

No data on leaf mass or oil yields from E. bosistoana plantations has been reported. In order to 

estimate oil yields for such plantations, growth and allometric functions for eucalypts were 

reviewed and applied to proposed silvicultural regimes for E. bosistoana in New Zealand. A 

small number of leaf biomass data was available for verification.  
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Table 5.1: Literature reports of leaf biomass of eucalyptus species for different harvesting 

types 

Species Harvest type and 

age (years) 

Leaf biomass Reference 

E. globulus Coppicing (1-9) 0.05-13.6 kg/tree (dry) Zewdie et al. (2009) 

Thinning (6-8) 30-60 t/ha 

(fresh/including twigs 

and short branches) 

Coppen (2002) 

Felling (12) 6 t/ha (dry) Coppen (2002) 

Felling (1) 1.3 t/ha (dry) Pereira et al. (1989) 

E. citriodora Pruning (15) 1.5-3.5 kg/tree (fresh) Gu et al. (2019), 

Coppen (2002) 

Coppicing  4.5 kg/tree (fresh) Coppen (2002) 

E. radiata Felling (2) 0.5-1.5 kg/tree (dry) Doran et al. (1998) 

E. grandis Felling (5.5) 3.5 kg/tree (fresh) Ribeiro et al. (2015) 

E. polybractea Coppicing (2) 2.7-4.6 kg/tree (fresh) Kainer et al. (2017) 

Coppicing (2.2) 1.3 kg/tree (dry) Goodger and 

Woodrow (2009) 

 

Table 5.2: Literature reports for oil yields for eucalyptus species from different silvicultural 

regimes 

Species Oil yield (kg/(ha 

per year) 

Silvicultural 

regime (years) 

Reference 

E. globulus 450-900 (fresh) Thinning  (6-8) Coppen (2002) 

 10-15 (dry) Felling Coppen (2002) 

E. citriodora 180-200 (dry) Coppicing  Coppen (2002) 

E. radiata 131 and 156 (dry) - Doran et al. (1998) 

E. smithii 600 (dry) Coppicing Weiss (1997) 

E. polybractea 117-230 (dryland), 

176-343  (irrigated) 

- Milthorpe et al. 

(1994) 

Approx 110 (dry) - (Milthorpe et al., 

1998) 

E. globulus ssp. 

maidenii 

300-600 (dry) Thinning (17) (Coppen, 2002) 
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 Methodology 

 Foliage moisture content 

Three samples of 20.0 g of fresh E. bosistoana leaves collected from unknown progeny and 

coppiced in planter bags at the School of Forestry, Christchurch, New Zealand were placed in 

an oven at 60°C. The weight of the sample was monitored until it was constant. Moisture 

content (MC) was expressed as mass of water in relation to the fresh weight, 

𝑀𝐶 (%) =
𝑊𝑓 − 𝑊𝑑

𝑊𝑓
 𝑥 100 

 where 𝑊𝑓 is the leaf fresh weight, 𝑊𝑑 is the leaf dry weight in grams (g).  

 E. bosistoana leaf biomass 

Leaf biomasses of young and old leaves of eight 7 year old E. bosistoana trees were assessed 

in Harewood nursery trial, located in Christchurch, New Zealand (Boczniewicz, Unpublished). 

 

 Analysis of leaf biomass using different models 

Previously published allometric regression models for leaf biomass of different eucalyptus 

species were collated (Table 5.3). As models refer either to fresh or dry weights, dry weights 

were converted to fresh weights using the MC determined for E. bosistoana leaves. 
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Table 5.3: Allometric regression models published for foliage biomass of eucalyptus species 

including number of trees assessed in the studies and the represented diameter at breast heights 

(DBH). 

 

W: leaf weight (kg), D: diameter at breast height (cm), C: circumference (cm), ln: natural 

logarithm 

 

 

 

 

 

Species Regression equation  No. of 

trees 

DBH 

range 

(cm) 

Reference 

E. globulus  1. W = 0.09 x D1.9 (dry) 83 1-20 Zewdie et al. 

(2009) 

2. W = 0.0287 x D1.9002 (dry) 230 2-35 Vega-Nieva et 

al. (2015) 

E. tetrodonta  1. W = 0.046 x 0.2068 x D2.3191 (dry) 14 5-40 Werner and 

Murphy (2001) 

2. W = 0.001 x D3.03 (fresh) 8 5-30 O'Grady et al. 

(2000) 

E. miniata 1. W = 0.038 x 0.1527 x D2.390 (dry) 14 5-40 Werner and 

Murphy (2001) 

2. W = 0.003 x D2.44 (fresh) 8 5-30 O'Grady et al. 

(2000) 

E. papuana W = 0.029 x 0.0356 x D2.8567 (dry) 12 5-40 Werner and 

Murphy (2001) 

E. bleeseri  W = 0.01 x D1.91 (fresh) 8 5-30 O'Grady et al. 

(2000) 

E. porrecta W = 0.007 x D2.21 (fresh) 8 5-30 O'Grady et al. 

(2000) 

E. nitens lnW = (-12.060+2.1307) x ln(D2) 

(dry) 

27 20-40 Muñoz et al. 

(2008) 

E. crebra lnW = (-5.785+1.858) x ln(C) (fresh) 20 2-40 Burrows et al. 

(2000) 

E. 

melanophloia 

lnW = (-6.227+1.851) x ln(C) (fresh) 20 2-40 Burrows et al. 

(2000) 

E. populnea lnW = (-3.491+1.259) x ln(C) (fresh) 22 2-40 Burrows et al. 

(2000) 
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 Results and discussion 

 Leaf biomass 

The moisture content of fresh E. bosistoana leaves was 48.2%. This value fell in the reported 

ranges for E. miniata, E. tetrodonta and E. papuana (31-59%, 47-57% and 34-40%, 

respectively) (Werner & Murphy, 2001) and E. regnans (49.5-58.6%) (England, 2001). As leaf 

moisture contents were reported to vary seasonally (Ashton & Attiwill, 1994; England, 2001), 

an average moisture content ~50% for eucalyptus leaves appears to be a sensible estimate. 

 

Biomass values of eight 7 years old E. bosistoana trees were available (Table 5.4). These trees 

had a mean fresh leaf weight of 5.50 kg at a mean DBH of 6.8 cm, ranging from 3.45 kg (at 

5.1 cm DBH) to 10.95 kg (at 7.7 cm DBH). 

 

Table 5.4: Leaf biomass and DBH of 7 year old E. bosistoana 

 

 

 

 

 

 

 

 

 

 

 

 

Tree No 
DBH 

(cm) 

Fresh leaf biomass 

(kg) 

Total fresh 

leaf 

biomass (kg) Young old 

1 6.0 0.70 3.30 4.00 

2 7.1 0.85 4.40 5.25 

3 7.2 0.10 4.30 4.40 

4 7.7 1.55 9.40 10.95 

5 6.8 1.10 3.30 4.40 

6 6.7 0.80 3.30 4.10 

7 5.1 1.45 2.00 3.45 

8 8.0 2.10 5.60 7.70 

Mean 6.8 1.08 4.45 5.50 
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Published models (Table 5.3) for fresh weights of leaf biomass of eucalyptus species depend 

on DBH as illustrated in Figure 5.3. The model curves in Figure 5.3 were restricted to the DBH 

ranges represented by the trees underpinning the models. Models based on dry leaf mass were 

converted to fresh weights using the moisture content of 48.2%. Models converted from dry 

mass appeared to predict higher fresh leaf masses than models based on fresh leaf 

measurements (Figure 5.3)  However, large variation was still observable between foliar 

biomass models based on dry or fresh measurements, respectively.  

 

Figure 5.3: Foliage fresh weights vs DBH of different eucalyptus species. Dashed lines 

indicate the models developed for dry weights and subsequently converted to fresh weights 

using a MC of 48.2%. Solid lines show models developed for fresh weights. Leaf biomass 

measured for eight 7 year old E. bosistoana trees are represented by dots 
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The available E. bosistoana leaf biomass data were at the upper end of the scale and best 

predicted by E. globulus models (Figure 5.4). However, more data, in particular for larger trees 

and different silvicultural regimes, is needed to develop leaf biomass models for E. bosistoana.  

 

 

 

 

Figure 5.4: Magnified section of Figure 5.3 focusing on the available data for 7 year old E. 

bosistoana  
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 Sensitivity analysis of E. bosistoana essential oil productivity  

 Foliage biomass 

The average of the E. globulus 1 and 2 models was used to predict foliage mass for E. 

bosistoana from DBH, as these seemed to best fit the few available data (Figure 5.5), with the 

individual E. globulus models used as best and worst case. The E. globulus studies were also 

those based on the largest data sets (83 and 230 trees, respectively) and therefore more 

trustworthy than the others based on less than 30 trees at best (Table 5.3). The best and worst 

leaf mass scenarios differed by 52% from the average (Table 5.5).  

 

 

 

Figure 5.5: Foliage fresh weights for best (E. globulus 1), worst (E. globulus 2) and average 

models dependent on DBH 
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 Seasonal and genetic variation of oil content in leaves 

E. bosistoana oil yields vary seasonally, and highest and lowest yields were obtained in 

summer and winter, respectively (chapter 3). Average oil yields in summer and winter were 

used as best- and worst-case oil yield scenarios. Oil yield per tree can be increased by 75% 

when harvesting only in summer compared to harvesting throughout the year. On the other 

hand, oil yield could decrease by 53% when harvesting only in winter  

Figure 5.6 displays annual mean oil yield per tree depending on DBH by combing the average 

allometric curve (Figure 5.5) for fresh leaf biomass and the respective oil yields of the fresh 

leaves. Best, average and worst oil yield could be 1.30, 0.72 and 0.34 kg/tree (fresh) when 

harvested at 30 cm DBH.   

 

 

 

 

 

 

 

Figure 5.6: Average oil yield per E. bosistoana tree depending on DBH when harvested in 

summer (best), winter (worst) and throughout year (average) 

 

As described in chapter 4, the effect of genetics on oil yield was of similar magnitude as the 

seasonal effect. Oil content of the best performing family was 59% above the average, while 

the worst performing family was 44% below the average (Table 5.5).  
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However, it needs to be kept in mind, that foliage mass was reported to have an overriding 

effect on the oil yield of a plantation. Therefore, oil yield should be considered on a plantation 

area basis rather than per leaf mass (Coppen, 2002). Since terpene biosynthesis pathways of 

leaves, tree growth rate, DBH, crown density and canopy size are under genetic control, 

choosing the right family for breeding programs is still useful (Burgess et al., 1996; Kainer et 

al., 2019; Stackpole et al., 2011). However, biomass correlated traits have lower heritability 

than oil traits (Kainer et al., 2017).  For example, there is a strong correlation between genetic 

traits and foliage biomass and hence oil yield in E. polybractea. Shorter harvesting cycles can 

be implemented if the genotypes are fast growing (Kainer et al., 2017). High yielding genotypes 

have increased growth rate, leaf biomass as well as oil quality. The ability to coppice is also 

controlled by genetics (Goodger & Woodrow, 2009; Kainer, 2017).  

Table 5.5: Variation of leaf mass, leaf oil content and prices of best and worst cases compared 

to the average 

 

 aOil prices were converted from USD to NZD (1 NZD = 0.68 USD)  

 Price  

Eucalyptus essential oil prices in the global market were fluctuating over time and depend on 

supplying country, oil type (species) and grade. Prices were low in the early 1990s but have 

increased gradually over the last two decades. According to export data from China to Europe, 

conventional prices rose from 3.5 to 12 USD/kg (5-18 NZD/kg) from 1997 to 2013 (ITC, 

2014). Although China is the largest eucalyptus essential oil supplier in the market, the price 

Criteria Best Average Worst Variation 

% 

Fresh leaf biomass 

(kg/tree) 

At 30 cm DBH 109.0 71.9 34.8 ±52% 

Oil content  

(µg/g fresh leaf) 

Seasonal 17.7  10.1  4.7  75% (best) 

53% (worst) 

Genetic 21.2 13.3 7.5 59%(best) 

44% (worst) 

Oil pricea 

(NZD/kg) 

Conventional 66 45 24 ±47% 

Organic 110 88 66 ±25% 
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for this product was low compared to oils produced in Australia, Portugal, Spain, India or 

Brazil (ITC, 2014b). In 2016 global market prices for essential eucalypt oils ranged from 16 to 

44 USD/kg (24-66 NZD/kg) (ITC, 2016). Fluctuations in conventional oil price were ±47% of 

the average (Table 5.5). A premium is paid for organic oil, reaching from 45 to 75 USD/kg 

(66-110 NZD/kg). The price for higher grade E. polybractea organic oil price was 135 USD/kg 

(199 NZD/kg) (Caiger, 2016). Organic oil value was roughly double that of the conventional 

oil value and appeared to be more stable (±25%).  The average price of eucalyptus oil in New 

Zealand was reported to be around 30 NZD/kg in 2021 (ForestPlus, 2021).  

All considered variables appear to have comparable uncertainty on the predictions of 

eucalyptus essential oil yields. However, seasonal variations are linked to production timing, 

i.e. cannot be exploited in a year-round production. In a seasonal production scenario, 

silvicultural operations generating waste leaves would best coincide with high essential oil 

contents. Genetics as considered here would allow to increase the quality and quantity of oil in 

the foliage, but to increase oil yield of a tree or a plantation, growth is also important. Growth, 

however, was not assessed in the current study. Considering oil price, an organic product has 

a more stable and higher value than conventional oil, however, it is unclear if and how timber 

plantations can be certified as organic.  

 Distil capacity 

Mechanised foliage harvesting as practised with mallees in Australia allows larger operations 

and reduce labour costs. In this system, still boxes are attached to a harvester and filled in the 

field (Figure 5.2). Still box capacities range from 1 to 4 t of fresh foliage. Annual oil production 

is dependant on still capacity, still number, distillation runs per day and the number of working 

days in a year (Coppen & Hone, 1992). For example in an E. polybractea operation one person 

needs about 1 h to fill a 3 t still box with fresh leaves and distillation takes another 1 h. One 

hectare of E. polybractea plantation can fill 2-2.5 stills. Typical oil yields of 40-60 kg for a 
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load of 2.5 t fresh eucalyptus leaves were reported (Coppen, 2002). The extracted leaves can 

be used as mulch.  

Small-scale mobile distillery units are available and used in New Zealand for essential oil 

production. Such mobile units cost from 65,000 to 120,000 NZD depending on capacity, 

extractive method and efficiency (ForestPlus, 2021). The mobile steam vacuum distil shown 

in (Figure 5.7) has a capacity for 200 kg raw material per run and costs 65,000 NZD. Without 

loading and unloading of leaf material, a distillation cycle for eucalyptus essential oil takes 

approximately 40 min. Yields of 2-4 kg of pure essential oil were reported for some eucalypts 

from one circle of 200 kg loaded distil (ForestPlus, 2021).   

 Potential for eucalyptus oil production from E. bosistoana plantations in New 

Zealand 

Information of a silvicultural regime is needed to calculate oil yields per area or the needed 

plantation area to supply a distil. NZDFI has proposed plantation regimes for peeler pole 

production (15-20 years) and saw-log production (30-40 years) (Millen et al., 2020b). For 

peeler pole production trees are planted at an initial stocking of 1,100 stems/ha and thinned to 

600-800 stems/ha after 4-5 years. At the thinning stage the a stem DBH of 8 cm and a target 

diameter at full rotation of 30 cm, what is achievable in 20 years on a suitable site, was assumed 

for this study. A saw-log plantation with an initial stocking of 1,000-1,200 stems/ha will be 

reduced to 300-400 stems/ha after 4-5 years by thinning (DBH 8 cm). The trees will be 

harvested after 30 years with an average stem diameter of 45 cm or above  (Millen et al., 

2020b).  

Leaf biomass, oil yields and oil value per hectare were estimated for these two NZDFI 

plantation regimes (Table 5.6). Annual oil yields of 562 and 607 kg/ha/year were calculated 

for the peeler pole and saw-log regimes, respectively, using the average allometric scenario 

and oil yield (10.1 mg/g (fresh). These values were comparable to reports of annual oil yields 
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of 450-900 kg/ha/year from E. globulus plantations (Table 5.2) (Coppen, 2002). As both 

regimes generated similar amounts of leaves, the predicted oil value extractable per hectare 

from these plantations was with 16,860 NZD/ha and 18,210 NZD/ha also similar. As the size 

of the trees at harvest age differed, essential oil could increase the value of a tree by ~20 NZD 

in a peeler pole regime and ~50 NZD in a saw- log regime utilising the assumption of the base 

scenario. 

Thinning and pruning operations combined can provide only around 10% of the foliage 

biomass available from harvesting at rotation age. Sourcing leaves at harvest not only provides 

the majority of the material, it also is likely the most cost effective as foliage could be gathered 

more easily mechanically. Moving and handling of biomass from pruning or thinning-to-waste 

operation is more difficult and will yield less product per hectare. Production thinning of saw-

log plantation might be worth considering if whole trees can be extracted, as costs would be 

primarily covered by the timber value and adding value by utilising the leaves for oil production 

could improve the economic viability of such operations.   
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Figure 5.7: A mobile steam vacuum distil used for essential oil production in New Zealand.   

(A) and (B) Distillation unit, (C) extracted essential oil 

Copyright by ForestPlus (2021) 

 

The required plantation area and value of oil production for a small-scale and a large-scale 

operations have been estimated (Table 5.7). The small-scale operation would require access to 

~100-150 ha of E. bosistoana per year if it utilises thinning or pruning residues. These 

resources would be available 4-5 years after planting and equate to total plantation estate of 

3,000 to 4.000 ha. When utilising harvesting residues at rotation age only ~10 ha per year are 

needed to supply the small-scale distil. While the associate plantation estate would only be 
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150-250 ha, residues would not be available for 20 to 30 years after planting. The required 

plantation area would be 5 times as large for the large-scale eucalyptus oil operation. In other 

terms, a small-scale distillery requires about 20-25 30 cm DBH trees per day while a large 

distillery requires 100-125 trees per day.   

 

Table 5.6: Estimation of fresh leaf biomass, oil yield and oil value obtainable from E. 

bosistoana plantation regimes in New Zealand 

a According to average leaf biomass from the allometric model (Figure 5.3)  
b Assumed average of literature reports of pruning biomass (5.1.1.1.3)  
c Stocking (trees/ha) * fresh leaf biomass per tree (kg/tree) 
d Using the average annual oil yield of 10.1 mg/g of from seasonal data in chapter 3 
e Using the eucalyptus oil price of 30 NZD/kg in the 2021 New Zealand market 
f Total at the end of rotation 

 

Considering NZDFI’s target of establishing catchments of 5,000 ha of durable eucalyptus 

plantations (NZDFI, 2021), each of these would support the modelled eucalyptus oil 

 

Peeler pole 

plantation; 

20 year rotation on 

suitable site 

 

 

Stems/ha 

Fresh leaf 

biomass 

per tree 

(kg/stem) 

 

Fresh leaf 

biomassc 

(kg/ha) 

 

 

Oil yieldd 

(kg/ha) 

 

 

Oil valuee 

(NZD/ha) 

Planting 1,100      

Thinning at DBH 8 

cm 

400 6.0a 2,400 24.2 727 

Pruning 700 4.0b  2,800 28.3 848 

Harvest at DBH 30 

cm  

700 72.0a 50,400 509 15,282 

Totalf - - 55,600 561.6 16,848 

 

Saw-log plantation; 

30 year rotation on 

suitable site 

 

Stems/ha 

 

Leaf mass 

per tree 

(kg/stem) 

 

Leaf massc 

(kg/ha) 

 

Oil yieldd 

(kg/ha) 

 

Oil valuee 

(NZD/ha) 

Planting 1,100     

Thinning at DBH 8 

cm 

750 6.0a 4,500 45.5 1,363 

Pruning 350 4.0b  1,400 14 423 

Harvest at DBH 45 

cm  

350 155a 54,250 548 16,440 

Totalf - - 60,150 608 18,227 
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operations. As establishment of durable eucalyptus plantation has commenced in 2021, 

establishing an associated essential oil business could start soon at small-scale utilising 

thinning and pruning residues and grow into a larger-scale operation utilising harvest residues 

when the planation estate has matured. 

 

Table 5.7: Estimation of plantation area required for small and large-scale oil production for 

E. bosistoana plantation regimes 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Using a 200 kg capacity distil operating eight cycles per day  
b Using two 2,000 kg capacity distils operating two cycles per day  
c Assuming 250 working days per year  
d Leaf biomass requirement per year / leaf biomass per hectare (Table 5.6) 
e Plantation area (ha) per year * oil value (NZD) per hectare (Table 5.6) 

 

 

 

 

Regime 

Small-scale operationa  

Leaf biomass requirementc: 400 t/year 

Oil valuee: 121,200 NZD/a 

 

Foliage source Plantation 

area (ha/year)d 

Total plantation 

area (ha) 

Peeler pole (20 year 

rotation) 

Final harvest 7.9 158 

Thinning 167 3,340 

Pruning 143 2,860 

Saw-log (30 year 

rotation) 

Final harvest 7.4 222 

Thinning 89 2,670 

Pruning 286 8,580 

 Large-scale operationb 

Leaf biomass requirementc: 2,000 t/year 

Oil valuee: 606,000 NZD/a 

Peeler pole (20 year 

rotation) 

Final harvest 39.5 790 

Thinning 833 16,660 

Pruning 715 14,300 

Saw-log (30 year 

rotation) 

Final harvest 37 1,110 

Thinning 445 13,350 

Pruning 1,430 42,900 
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 Financial aspects  

It should be noted that, since there is no commercial eucalyptus essential oil production in New 

Zealand, assumptions cannot be verified. Detailed costings of medium scale eucalyptus 

essential oil production facilities for developing countries including the establishment of 

associated dedicated plantations have been reported in 1992 (Coppen & Hone, 1992). These 

are not transferable into the current New Zealand context. 

A mobile small-scale E. bosistoana essential oil production facility, requiring a single operator 

and utilising foliage from thinning a timber plantation, was costed (Table 5.8). Operational 

costs for the distil were based on an existing domestic essential oil operation (ForestPlus, 

2021). As no data on production thinning costs of E. bosistoana plantations was available, costs 

for gathering foliage were estimated as follows: According to Taylor and Visser (2021) average 

production thinning operational costs for P. radiata plantations in New Zealand including the 

machine operating wages for tree felling, harvesting, loading and transporting were 4,210 NZD 

per day. Recovering 125 t of stems this equates to 34 NZD per tonne. A firewood operation of 

Australian durable eucalyptus plantations was reported to be around 60 AUD per tonne (65 

NZD/t) (Lausberg, 2022). Assuming a green density of 1,000 kg/m3 a E. bosistoana stem with 

a DBH of 8 cm would weigh ~25 kg (Mason & McConnochie, 2021), equating to 40 trees per 

tonne. Combining the extraction costs per tonne and the number of trees per tonne allowed to 

calculate extractions costs of 0.85 to 1.60 NZD per tree. According to the allometric model 

displayed in Figure 5.3, such an E. bosistoana tree at 8 cm DBH has a foliage mass of 6 kg. 

Consequently, extraction costs per kg of leaf material from production thinning was estimated 

to be 0.14 to 0.26 NZD per kg of leaf material. The average cost of 0.20 NZD per kg of leaves 

were used for further calculations. Higher harvesting cost were published 30 years ago for 

dedicated E. smithii oil plantations in southern Africa of 1.25 USD/kg to 1.91 USD/kg with 

and 0.25 USD/kg to 0.86 USD/kg without depreciation for machinery, respectively (Coppen & 

Hone, 1992).      
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The estimated revenue per year would be approximately 40,900 NZD/a requiring an investment 

of 65,000 NZD for the distil (Table 5.8). Costs (60%) were dominated by gathering foliage 

from the plantation. These costs could reduce if they would be partially covered by the 

production thinning operation, i.e. the timber revenue. Further, thinning costs were assumed 

for trees at 8 cm DBH and are likely lower for larger trees. It also has been shown that choosing 

good genetics is vital for an independent producer establishing dedicated plantation for oil 

production under a short rotation coppice system.  

 

 Additional factors affecting eucalyptus essential oil production  

Best practice guidelines recommend that foliage bulks are left in the shade for few days to 

decrease the moisture level prior to distillation. Too long storage is to be avoided to prevent 

evaporation of volatiles. Further, machine harvesting, loading, unloading and re-handling 

damages the foliage resulting in loss of oil (Denny, 2002).  

Though mechanical harvesting ensures low labour cost and higher efficiency, it can be difficult 

to harvest on slopes with the still attached to the harvester. Further, contamination of the foliage 

with other plant parts, rocks, soil, weeds, etc. affect oil yield. Therefore, a clean site is required 

which should have to be planted at a spacing to allow harvester access (Coppen & Hone, 1992; 

FAO, 1995).  
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Table 5.8: Estimation of E. bosistoana commercial traits 

Revenue  

Assumed oil yield per daya 3 kg/ch x 8 ch/d = 24 kg/d 

Oil price 30 NZD/kg 

Total earnings per dayb 24 kg/d x 30 NZD/kg = 720 NZD/d 

Costs  

Distilled leaf biomass per daya 200 kg/ch x 8 ch/d = 1,600 kg/d 

Foliage per dayd 0.20 NZD/kg x 1,600 kg/d = 320 NZD 

Labour cost for one person per dayc 20 NZD/h x 8 h/d = 160 NZD/d 

Diesel cost for extraction per daya 3.5 L/ch x 8 ch/d x 1.8 NZD/kg = 50.4 NZD/d  

Total cost per day 320 + 160 + 50.4 NZD/d = 530.4 NZD/d 

Profit  

Operational profit per day 720 – 530.4. NZD/d = 189.6 NZD/d 

Operational profit per year (250 days) 189.6 NZD/d x 250 d/a= 47,400 NZD/a 

Depreciation distil (10 years) 65,000 NZD/10 a = 6,500 NZD/a 

Overall profit per year 47,400 - 6,500 NZD/a = 40, 900 NZD/a 
a According to data of ForestPlus (2021)   
b Using 2021 the New Zealand market eucalyptus oil price of 30 NZD/kg  
c Using New Zealand labour wage per hour (ENZ, 2021) 
d Using average production thinning cost (5.3.4.1)  
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6 Chapter 6: Conclusion  

This study assessed the potential of eucalyptus oil production from E. bosistoana timber 

plantations. E. bosistoana is one of 5 eucalyptus species developed by NZDFI to establish a 

ground-durable hardwood resource in New Zealand to supply posts for agricultural industries, 

appearance grade sawn timber and stiff timber for structural engineered timber products. The 

species has also favourable essential leaf oil characteristics, both, in terms of yield and 

chemical composition, i.e. a high 1,8-cineole content.  

Chapter 1 summarises literature on eucalyptus essential oil and the interest in this topic from a 

New Zealand perspective. After establishing suitable analytical protocols (chapter 2); seasonal, 

physiological (chapter 3) as well as genetic (chapter 4) effects on E. bosistoana essential oil 

traits were investigated. Finally, these assessments allowed to analyse the economics of 

potential oil production for such E. bosistoana plantations.  

 Chapter 2: Developing a method to analyse eucalyptus leaf essential oil  

An analytical procedure was developed to identify and quantify chemical compounds in 

eucalyptus essential leaf oils. From the tested extraction techniques, namely ASE (accelerated 

solvent extraction), hydro-distillation and MSE (microwave solvent extraction), MSE was 

chosen for further experiments as it allowed to analyse not only terpenes but also other leaf 

extractives (non-volatiles, e.g. sugars) requiring little sample preparation. Although, hydro-

distillation replicates the commercial extraction process, focusing on volatile terpenoids, it 

required large amounts of raw material and long extraction time.    

GC was optimised to quantify the main components in an acceptable time frame. After testing 

13 GC programmes and 2 columns, a DB-wax column was selected for E. bosistoana oil 

analysis as compounds were well separated and low molecular volatiles eluted before 26.4 min 

in total run time 29.3 min. Compounds were identified using purified standards and MS 

spectrum library after GCMS. Ten compounds 1,8-cineole, limonene, α-terpineol, α-pinene, 
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aromadendrene, β-myrcene, caryophyllene, trans-pinocarveol, ocimene, linalool were 

confirmed in E. bosistoana essential oil profiles. Further, phellandrene, which reduces oil’s 

quality was not present in E. bosistoana leaf oil.  

The essential oils of other eucalyptus species in NZDFI’s breeding programme, namely E. 

argophloia, E. globoidea, E. tricarpa, E. quadrangulata and E. sideroxylon, as well as the in 

New Zealand commercially grown E. nitens were assessed. The results confirmed literature 

reports that E. bosistoana yields the most oil (15.8 µL/g) and has the best quality i.e. highest 

1,8-cineole percentage (62%) of the assessed species. The E. bosistoana oil quality and 

quantity was comparable to that of E. globulus, the main source of essential eucalyptus oil in 

the global market. An interesting observation was that, although E. argophloia and E. 

bosistoana are thought to be closely related, the essential oil of E. argophloia was not 

comparable to that of E. bosistoana. E. argophloia had lowest oil yield (1.4 µL/g) and 1,8-

cineole was absent.  

 Chapter 3: Effect of leaf age and seasonal on E. bosistoana essential leaf oils  

Seasonal variation of essential oil content and composition in immature and mature leaves of 

five E. bosistoana families were monitored for 24 months from March 2019 to April 2021. 

Leaf maturity influenced both, E. bosistoana total oil content as well as 1,8-cineole 

concentration. Mature leaves possessed higher 1,8-cineole proportions but contained less total 

oil than immature leaves. The highest total oil yield and 1,8-cineole percentage were obtained 

from the leaves collected during summer, suggesting summer is the best period for leaf 

harvesting for essential oil production. The significant difference in oil quantity and oil quality 

between the 5 tested families in this experiment indicated genetic control of these traits and 

was further investigated in Chapter 4.  
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 Chapter 4: Genetic control of oil traits and their correlation to tree growth and 

tree health 

One of NZDFI’s nine E. bosistoana breeding trials established to select plants with improved 

growth and wood properties was assessed for essential oil and health traits. 20 components 

were quantified in the leaf extracts of those E. bosistoana trees with known heritage. The 

strongest genetic control (h2) of 0.78, 1.14 and 0.59 were found for 1,8-cineole, aromadendrene 

and unidentified 8, respectively. Total oil yield was less heritable (h2 = 0.25). Significant 

genetic and phenotypic correlations were found between individual essential oil compounds, 

most notably the 1,8-cineole concentration was negatively correlated to most other quantified 

compounds (myrcene, α-pinene, linalool, aromadendrene, trans-pinocarveol, terpineole, 

unidentified 3, 6, 8 and 9) in the E. bosistoana oil.  Out of the 85 tested E. bosistoana families, 

19 families possessed breeding values indicating that their oil would meet the commercial 

standard of 60% 1,8-cineole.  

The negative correlation between total oil content and 1,8-cineol concentration at the 

phenotypic and genetic level (rp = -0.44 and rg = -0.70, respectively) reflected that families with 

a higher quality oil have less oil in the leaves. However, total oil yield in trees of an area is 

dependent on not only oil content in the leaves, but also with the leaf biomass. Therefore, it is 

important to pay attention for 1,8-cineole proportions than oil yield which improves oil’s 

demand and quality.  

With the exception of caryophyllene, insect defoliation appeared to be independent of essential 

oil composition in this E. bosistoana breeding trial. Furthermore, essential oil traits were also 

independent of tree height. The small number of trees per family (i.e. n = 3) assessed for 

defoliation and height as well as the significant to the insect damage in the trial during leaf 

sampling for essential oil assessments could have contributed to these large confidence 

intervals for the assessment.  
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 Chapter 5: Economic aspects of essential oil production from E. bosistoana 

While small scale essential oil producers exist in New Zealand, no eucalyptus essential oil is 

produced. To estimate suitability for a commercial production, foliage mass per hectare were 

estimated using literature data. A sensitivity analysis of biomass, seasonal (Chapter 3) and 

genetic (Chapter 4) variation as well as eucalyptus essential oil price were indicated that all 

variables are equally important.  

Envisaged E. bosistoana planting programmes in regional catchments are compatible with leaf 

demand for larger and smaller scale oil production. Foliage from thinning operations would be 

available in the near future supporting a small scale mobile production facility, which could be 

expanded to a larger scale operation in the future when the trees will be harvested.  

Further analysis indicated that oil value would exceed the cost for acquiring leaves and 

distillation. The economic viability would significantly increase for an organic oil product.  

 Final remarks 

This study suggests that there is a potential to produce commercial essential oil as a by-product 

of NZDFI E. bosistoana timber plantations. Oil quality and yield could be improved through a 

breeding programme, however, this will impact selection for other traits. Additional work 

would be required to quantify yield per hectare, i.e. assess E. bosistoana biomass in particular 

that of foliage. Utilising foliage for essential oil production could help to recover management 

costs for production thinning.  
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9 Appendix II 

Table 9.1: Breeding values of total oil, chemical compounds, health score and tree height in E. bosistoana families at age 8 years old 

Family 

Total 

oil 

(µL/g) 

Compounds (% of total oil) 

Health 

score 

Height 

(m) 

1,8-

cineole  

β-

Myrce

ne 

α-

Pinene 

Ocime

ne 

Limon

ene 

Aroma

dendre

ne 

Caryop

hyllene 

Linalo

ol 

Trans-

pinoca

rveol 

α-

terpine

ol un1 un2 un3 un4 un5 un6 un7 un8 un9 un10 

801 0.301 -2.446 0.060 -0.243 1.280 -0.622 1.370 -0.078 -0.312 1.050 0.373 -0.478 -1.400 0.240 -0.106 0.139 0.269 0.005 1.105 0.244 -0.221 -0.889 

-8.65E-

06 

802 -0.178 2.785 0.001 0.039 -0.630 -0.229 0.043 0.085 0.013 0.306 -0.371 -0.442 -0.754 0.082 0.069 -0.005 0.191 -0.008 0.300 -0.193 0.150 0.209 

-2.25E-

06 

803 0.905 -1.359 -0.012 0.526 0.468 0.032 -0.937 -0.155 0.216 -0.400 0.671 -0.436 -0.203 0.026 0.156 0.116 -0.144 -0.032 -0.603 0.141 -0.417 -0.016 

-3.85E-

06 

804 0.192 -18.254 0.095 0.154 -0.177 -0.292 8.600 0.014 0.714 1.450 -0.419 1.010 0.184 0.074 0.555 0.137 0.494 0.023 2.388 0.475 -0.039 -1.147 

-6.41E-

06 

805 0.234 -5.937 -0.018 0.245 0.234 -0.032 2.980 -0.013 0.010 1.020 0.283 -0.212 -0.861 -0.008 -0.164 0.204 0.008 -0.003 1.141 0.510 -0.123 -0.910 

-1.25E-

05 

806 0.729 -2.522 0.132 0.221 -0.702 0.313 3.780 0.073 0.764 0.174 -0.971 -0.459 -0.696 0.075 0.121 -0.180 -0.019 -0.015 0.962 -0.133 0.231 -0.299 

-1.29E-

06 

807 0.073 -1.142 -0.040 -0.448 -0.475 -1.010 3.470 0.089 -0.487 0.972 -1.121 0.398 0.616 0.032 0.013 -0.247 0.505 0.034 3.093 -0.023 0.190 -0.249 

7.03E-

06 

808 2.393 -2.783 0.128 0.134 0.152 0.309 1.530 0.017 0.571 0.072 0.096 -0.697 -0.376 0.079 0.038 0.002 0.034 -0.023 -0.167 -0.134 -0.060 -0.699 

5.11E-

06 

809 1.419 6.297 -0.029 0.104 0.296 -0.258 -3.090 -0.058 0.074 -0.354 0.409 -0.858 -0.629 -0.083 0.057 0.035 -0.303 0.172 -2.509 -0.229 -0.247 -0.583 

6.39E-

06 

810 1.518 -5.645 0.037 -0.127 -0.300 0.139 4.050 -0.069 -0.094 0.660 -0.314 -0.757 -0.404 0.175 0.144 0.027 0.358 0.017 1.981 0.171 -0.047 -0.657 

6.39E-

06 

811 2.482 -13.727 0.050 0.160 -0.515 -0.107 10.200 0.104 1.430 0.318 0.479 -1.010 -0.478 0.152 -0.149 0.019 0.624 0.024 2.266 -0.030 0.177 0.347 

3.19E-

06 

812 -0.507 -7.063 -0.039 0.111 1.160 0.385 3.480 0.066 0.418 0.443 0.065 1.390 -1.150 0.005 -0.114 -0.019 0.042 -0.013 -0.031 -0.326 0.272 -0.548 

-1.02E-

05 

813 0.577 -6.456 -0.024 0.379 1.050 0.487 0.155 -0.058 0.246 -0.450 0.911 1.470 0.193 -0.079 -0.043 -0.092 -0.159 -0.033 -0.217 -0.246 0.184 -0.777 

1.06E-

05 

814 3.149 -0.243 0.040 0.295 0.083 0.489 -0.024 0.022 0.742 -0.286 -0.292 -0.519 -1.260 0.013 0.323 -0.013 -0.020 -0.013 -0.555 -0.043 -0.245 0.062 

4.47E-

06 

815 3.118 6.062 -0.037 0.007 -0.761 -0.413 -3.570 -0.109 0.044 0.165 0.550 -0.810 -0.375 0.018 0.048 -0.102 0.243 -0.014 0.868 0.083 -0.403 0.236 

-3.21E-

06 
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Family 

Total 

oil 

(µL/g) 

Compounds (% of total oil) 

Health 

score 

Height 

(m) 

1,8-

cineole  

β-

Myrce

ne 

α-

Pinene 

Ocime

ne 

Limon

ene 

Aroma

dendre

ne 

Caryop

hyllene 

Linalo

ol 

Trans-

pinoca

rveol 

α-

terpine

ol un1 un2 un3 un4 un5 un6 un7 un8 un9 un10 

816 -0.366 -6.010 -0.009 -0.094 0.553 -0.094 2.430 -0.062 0.001 0.388 1.230 -0.668 -0.080 -0.065 -0.040 -0.064 0.178 -0.008 0.955 0.250 -0.037 -0.152 

5.75E-

06 

817 3.531 0.713 -0.026 -0.019 0.414 -0.028 -2.130 -0.119 0.026 -0.046 0.244 -0.098 -0.235 0.005 0.174 0.157 -0.066 0.016 -0.055 -0.019 -0.376 -0.576 

-5.77E-

06 

818 9.083 -9.425 0.039 0.127 -0.547 -0.372 5.270 0.047 0.498 0.791 1.205 -0.790 -2.340 0.116 0.118 0.235 0.026 0.077 3.497 0.326 -0.272 0.155 

1.59E-

06 

819 -1.775 4.009 -0.105 -0.211 -0.376 -0.310 -0.008 -0.026 -0.147 -0.014 -0.792 -0.183 0.428 -0.071 0.023 -0.036 0.013 -0.027 0.433 -0.287 0.267 -0.156 

-3.29E-

07 

820 -0.675 9.131 0.074 -0.055 -0.237 0.111 -5.670 -0.090 -0.668 -1.010 0.727 -0.208 0.572 -0.047 -0.165 0.086 -0.272 -0.028 -1.938 -0.567 0.153 -0.278 

3.11E-

07 

821 2.151 -9.142 0.072 0.037 0.163 -0.224 3.710 -0.011 0.564 -0.123 0.255 -0.591 1.120 0.044 -0.077 0.061 0.269 0.034 1.598 0.038 0.299 0.000 NA 

822 -1.441 -0.316 0.062 0.072 0.306 0.361 0.828 -0.036 0.371 -0.283 -0.085 0.171 0.053 0.021 -0.025 -0.080 -0.106 -0.028 -1.236 -0.090 -0.266 0.000 NA 

823 -1.733 0.109 -0.105 0.139 0.651 0.066 -0.994 -0.046 0.130 -0.624 0.375 -0.403 0.740 -0.118 0.106 0.055 -0.101 -0.020 -1.239 -0.123 -0.225 0.255 

1.27E-

06 

824 4.036 3.186 -0.105 -0.162 -0.264 -0.434 -1.690 -0.007 -0.020 0.374 -0.332 -0.651 0.387 -0.072 0.079 -0.025 0.093 -0.004 1.398 0.082 -0.290 -0.392 

6.07E-

06 

825 10.462 -11.768 0.029 0.060 0.108 -0.339 4.390 -0.012 0.897 0.405 1.484 -0.875 -1.830 0.091 0.170 0.277 0.469 0.065 2.831 0.652 -0.213 1.106 

6.31E-

07 

826 2.689 -3.481 0.038 0.127 1.460 -0.097 -0.567 -0.071 0.059 0.214 0.544 0.198 -0.701 0.034 0.210 0.070 -0.018 -0.001 -0.317 0.107 -0.453 0.188 

9.27E-

06 

827 1.868 1.736 0.123 -0.071 -0.477 0.379 -1.540 0.006 0.122 -0.226 0.583 -1.090 -0.330 -0.033 0.080 0.007 -0.106 -0.032 0.268 -0.114 -0.141 -0.378 

7.67E-

06 

829 1.546 -2.106 -0.037 -0.085 -0.379 0.004 -0.219 0.065 -0.022 -0.037 0.108 0.151 0.135 -0.063 -0.021 0.029 0.118 0.017 2.148 0.266 -0.081 0.477 

1.59E-

06 

830 1.104 -0.108 -0.105 -0.304 0.409 -0.456 0.754 0.018 -0.507 0.362 0.262 0.156 -0.571 0.061 -0.078 0.007 0.309 0.015 1.010 -0.021 0.038 -1.183 

1.59E-

06 

831 -1.447 -2.653 0.004 -0.024 0.277 0.130 0.334 -0.049 -0.277 0.134 -0.209 1.290 0.465 0.009 -0.048 0.011 0.086 0.000 -0.109 0.143 -0.100 0.000 NA 

832 -4.654 12.558 -0.051 -0.308 0.127 -0.059 -9.040 0.087 -0.734 -0.881 0.276 0.955 1.090 -0.106 0.011 -0.064 -0.536 -0.008 -4.051 0.152 -0.085 0.000 NA 

833 4.432 -9.721 0.089 0.097 -0.439 0.385 2.750 -0.080 0.125 0.913 0.637 -0.637 0.304 0.087 0.212 0.017 0.591 0.074 0.670 0.681 -0.173 -0.867 

-

0.0000

0385 
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Family 

Total 

oil 

(µL/g) 

Compounds (% of total oil) 

Health 

score 

Height 

(m) 

1,8-

cineole 

β-

Myrce

ne 

α-

Pinene 

Ocime

ne 

Limon

ene 

Aroma

dendre

ne 

Caryop

hyllene 

Linalo

ol 

Trans-

pinoca

rveol 

α-

terpine

ol un1 un2 un3 un4 un5 un6 un7 un8 un9 un10 

834 -0.839 -3.667 0.060 -0.033 0.220 -0.008 1.080 -0.080 0.074 0.000 -0.263 -0.766 1.270 0.060 0.021 -0.053 0.032 0.000 0.831 -0.232 0.414 0.000 NA 

835 -1.428 0.931 -0.105 -0.285 0.163 -0.245 1.050 0.139 -0.503 0.805 -0.298 0.196 -0.594 -0.074 0.016 -0.133 -0.102 -0.017 0.688 -0.173 0.387 -0.585 

-1.34E-

05 

837 -4.901 26.332 -0.105 -0.613 -0.855 -0.032 -11.200 -0.256 -1.280 -1.270 -1.168 0.240 1.500 -0.191 -0.100 -0.184 -0.848 -0.019 -5.369 -0.058 0.079 -0.389 

-1.28E-

05 

839 -1.015 -5.801 -0.105 0.226 0.095 0.424 2.650 -0.041 0.385 0.250 0.656 -0.590 -0.774 0.056 -0.175 0.146 0.046 -0.022 0.931 0.333 0.051 0.580 

9.91E-

06 

840 -0.793 7.564 0.075 0.270 -0.256 0.719 -3.330 -0.036 0.268 -0.511 -0.699 -0.545 0.875 -0.004 0.037 -0.263 -0.418 -0.055 -2.559 -0.425 -0.234 3.567 

4.79E-

06 

841 0.293 -7.723 -0.105 0.697 -0.551 0.523 3.630 -0.039 0.540 0.033 -1.153 0.636 0.465 0.017 0.236 0.042 0.102 0.013 1.381 0.125 -0.073 -0.349 

5.43E-

06 

842 -2.501 1.837 0.145 -0.040 -0.729 0.403 -1.440 0.763 -0.432 -0.425 -0.723 0.519 1.360 -0.012 -0.158 0.063 -0.351 0.001 -1.649 -0.190 0.256 1.058 

-8.33E-

06 

843 -4.553 -0.965 0.164 0.419 -0.522 0.249 -1.660 0.305 -0.114 -0.540 -0.357 1.440 2.290 -0.063 -0.142 -0.220 -0.619 -0.045 -0.919 0.264 0.257 1.261 

5.75E-

06 

844 5.197 -2.322 -0.028 0.633 -0.679 0.538 -3.010 0.411 -0.072 -0.739 -0.737 2.310 0.617 -0.073 -0.020 0.013 0.173 0.049 -0.449 0.649 0.409 0.658 

6.31E-

07 

845 1.111 -3.233 0.030 0.127 0.070 0.149 2.610 0.021 0.538 -0.182 0.186 -0.424 -0.711 0.074 -0.005 0.025 0.054 -0.010 -0.020 0.052 -0.140 0.000 NA 

846 -0.525 2.169 0.200 0.135 -0.424 0.585 0.508 0.019 0.641 -0.494 -0.766 0.511 -0.509 0.064 -0.156 -0.221 -0.069 -0.020 -0.522 -0.454 0.336 1.420 

-4.17E-

06 

847 2.804 -2.538 0.085 0.235 0.402 0.349 -0.312 0.018 0.076 -0.279 -0.061 1.220 0.558 0.050 -0.166 -0.127 -0.049 -0.004 0.154 -0.021 -0.155 1.998 

-2.02E-

05 

848 -7.833 -2.280 -0.105 -0.268 2.730 0.276 -9.850 -0.025 -1.100 -2.710 1.244 6.840 3.880 -0.208 0.014 0.066 -0.933 0.004 -5.615 0.530 0.523 0.277 

-3.21E-

06 

849 -4.437 -1.441 0.062 0.160 -0.021 0.924 -1.470 -0.008 -0.084 -0.759 -1.431 0.684 4.020 0.016 -0.093 -0.096 -0.492 0.008 -1.864 -0.987 1.120 0.178 

3.19E-

06 

850 -0.090 -7.889 0.033 -0.016 -0.110 0.082 4.290 0.077 0.016 0.006 0.723 -0.029 0.341 -0.032 -0.113 -0.175 0.096 -0.001 1.863 0.537 -0.034 -0.293 

-4.81E-

06 

851 0.199 -1.208 0.033 0.007 -0.445 -0.346 3.090 0.081 0.124 0.709 -0.821 0.312 -0.465 0.039 -0.005 -0.012 0.169 0.002 0.751 0.070 -0.017 -0.145 

-3.29E-

07 

852 -1.644 -1.249 -0.016 0.367 -0.331 0.019 1.260 -0.093 0.000 -0.097 0.227 0.033 -0.708 -0.081 0.057 -0.026 -0.236 -0.006 1.114 0.285 -0.356 0.162 

5.11E-

06 
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Family 

Total 

oil 

(µL/g) 

Compounds (% of total oil) 

Health 

score 

Height 

(m) 

1,8-

cineole 

β-

Myrce

ne 

α-

Pinene 

Ocime

ne 

Limon

ene 

Aroma

dendre

ne 

Caryop

hyllene 

Linalo

ol 

Trans-

pinoca

rveol 

α-

terpine

ol un1 un2 un3 un4 un5 un6 un7 un8 un9 un10 

853 -3.001 -0.542 0.057 0.116 -0.576 0.119 0.549 -0.029 0.199 -0.036 0.268 -0.040 1.080 0.013 -0.160 0.157 -0.354 -0.037 -1.076 -0.247 0.114 -0.004 

-8.01E-

06 

854 0.388 -1.900 0.092 -0.103 -0.727 0.257 5.060 0.064 0.279 0.466 0.397 -0.132 -2.630 -0.009 -0.057 0.084 0.179 -0.033 -0.059 -0.089 0.118 0.277 

9.91E-

06 

855 -3.137 2.153 -0.105 -0.095 -0.754 0.132 0.009 -0.047 -0.312 -0.215 -0.335 -0.279 0.695 -0.011 -0.165 0.250 -0.088 -0.030 0.369 -0.375 0.324 -0.038 

-5.13E-

06 

856 -1.075 -7.513 0.126 0.137 0.118 0.274 3.680 0.025 0.526 0.505 -0.277 0.005 0.106 0.136 -0.051 -0.046 0.187 -0.003 1.275 -0.090 0.200 -0.124 

4.47E-

06 

857 0.451 0.550 0.050 0.116 -0.101 0.174 0.233 0.007 0.269 -0.128 -0.128 -0.041 -0.403 0.031 0.029 -0.011 -0.007 -0.018 -0.417 -0.131 -0.046 0.000 NA 

858 1.624 -10.189 0.042 0.082 -0.138 -0.178 5.150 -0.032 0.502 0.323 -0.060 -0.579 1.060 0.141 0.058 -0.076 0.431 -0.006 2.632 0.407 -0.016 0.817 

7.67E-

06 

859 3.125 -10.017 0.127 0.225 1.300 0.058 4.210 -0.037 0.739 0.742 0.774 -0.189 -1.880 0.090 -0.174 -0.048 0.325 0.025 2.130 0.238 -0.099 -0.989 

9.91E-

06 

860 -2.213 1.478 0.046 0.180 0.384 0.524 -1.390 -0.022 0.463 -0.459 0.237 -0.073 0.354 -0.020 -0.175 -0.007 -0.233 -0.036 -1.551 -0.488 -0.054 0.532 

-2.57E-

06 

861 0.209 -3.978 -0.105 -0.137 0.538 -0.368 2.660 -0.019 0.411 0.602 0.567 -1.070 0.258 0.149 -0.029 -0.049 0.193 -0.018 0.558 0.197 -0.295 -0.798 

1.27E-

06 

862 0.124 -2.255 -0.030 -0.227 0.015 -0.706 6.020 0.066 -0.148 0.576 -0.405 -0.215 -0.700 -0.012 -0.080 -0.188 0.376 0.009 1.564 0.138 -0.167 -0.389 

9.91E-

06 

863 -0.842 7.249 -0.071 0.048 0.239 0.102 -5.520 -0.144 -0.199 -0.932 0.860 -0.640 0.661 -0.084 -0.037 0.080 -0.472 -0.030 -2.090 -0.504 -0.048 0.000 NA 

864 0.483 5.151 0.181 0.137 0.261 0.304 -1.870 -0.051 -0.136 0.459 0.287 0.110 -1.350 -0.083 -0.140 -0.074 -0.205 -0.033 -1.730 -0.179 -0.446 -0.611 

-8.97E-

06 

865 0.682 2.171 0.094 0.034 -0.280 -0.453 1.710 -0.048 -0.347 0.717 -0.313 0.224 -1.710 0.019 0.012 0.075 -0.107 -0.020 0.452 -0.114 -0.159 -0.955 

-7.69E-

06 

866 -0.543 -4.156 -0.035 -0.272 -0.058 -0.854 4.470 -0.001 -0.224 1.090 -1.210 -0.493 -0.003 0.049 0.220 -0.109 0.520 0.021 2.752 0.550 0.197 0.658 

-6.09E-

06 

867 -0.677 0.194 -0.016 -0.099 -0.761 0.093 -0.273 -0.144 -0.089 -0.347 0.291 -0.817 0.495 -0.056 0.071 0.173 0.095 0.006 1.073 -0.117 -0.100 0.288 

-1.06E-

05 

868 0.000 -0.405 -0.032 -0.090 -0.414 -0.083 1.640 0.123 0.145 0.300 -0.375 -0.387 -1.260 0.067 -0.115 0.206 0.311 0.003 0.700 0.023 0.587 1.745 

1.50E-

05 

869 -2.302 5.000 -0.033 -0.145 -0.586 -0.362 -0.722 -0.011 -0.340 0.208 -0.436 -0.271 -0.189 -0.144 -0.008 0.227 0.086 -0.026 0.296 -0.076 -0.448 0.055 

-1.93E-

06 
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Family 

Total 

oil 

(µL/g) 

Compounds (% of total oil) 

Health 

score 

Height 

(m) 

1,8-

cineole 

β-

Myrce

ne 

α-

Pinene 

Ocime

ne 

Limon

ene 

Aroma

dendre

ne 

Caryop

hyllene 

Linalo

ol 

Trans-

pinoca

rveol 

α-

terpine

ol un1 un2 un3 un4 un5 un6 un7 un8 un9 un10 

870 -0.529 -1.877 -0.022 -0.319 0.810 -1.010 1.490 -0.099 -0.627 0.905 0.117 0.231 -0.535 0.047 -0.188 0.125 0.399 0.015 1.981 0.422 -0.077 0.118 

3.11E-

07 

871 -1.691 -9.067 0.042 -0.043 0.091 -0.041 6.650 0.016 0.056 0.209 -0.700 0.971 -0.847 0.086 0.043 -0.055 0.313 0.017 2.827 0.195 0.546 -0.074 

2.55E-

06 

872 0.985 -2.286 0.024 -0.102 -0.291 -0.640 1.520 -0.010 -0.132 0.814 -0.575 0.476 0.255 0.062 0.034 -0.075 0.337 0.003 1.866 0.283 0.196 0.044 

8.95E-

06 

873 2.053 -7.253 -0.105 -0.034 -0.776 0.408 1.430 0.160 0.418 0.201 1.247 -0.466 0.520 0.082 -0.114 -0.201 0.501 0.026 1.906 0.790 -0.166 -0.836 

-9.61E-

06 

874 -3.324 19.803 -0.051 -0.097 -0.114 0.548 -11.300 -0.104 -0.672 -1.880 -0.153 0.219 -0.430 -0.128 -0.055 0.257 -0.688 -0.027 -4.420 -0.431 -0.154 0.000 NA 

876 -6.171 28.093 -0.105 -0.467 -0.314 0.514 -13.900 -0.387 -1.240 -2.280 -0.938 0.383 3.440 -0.208 -0.137 -0.155 -1.010 -0.025 -7.181 -0.975 -0.317 -0.622 

-4.17E-

06 

877 0.202 12.899 -0.105 -0.319 -0.701 -0.121 -5.760 -0.035 -0.440 -0.137 -0.241 -0.148 1.240 -0.050 0.046 -0.111 -0.638 -0.045 -2.466 -0.418 -0.248 -0.086 

1.02E-

05 

878 -3.183 14.103 -0.051 -0.123 -0.628 -0.003 -4.940 -0.007 -0.382 -0.252 -0.533 0.252 0.584 -0.009 -0.074 -0.131 -0.167 -0.017 -2.336 -0.414 0.002 0.000 NA 

879 -5.920 10.455 -0.105 -0.423 1.300 -0.957 -5.190 -0.041 -0.516 0.639 -0.756 0.042 -0.417 -0.095 0.039 -0.046 0.070 0.052 -2.292 -0.305 0.434 1.261 

6.07E-

06 

881 -3.638 8.282 -0.051 -0.128 1.750 0.126 -5.300 0.011 -0.318 -0.334 -0.335 -0.292 -0.575 -0.099 -0.015 -0.007 -0.478 -0.016 -3.037 -0.366 0.153 0.000 NA 

883 -2.271 10.826 -0.105 -0.175 -0.072 -0.248 -5.250 -0.089 -0.373 -0.984 -0.218 0.259 1.360 -0.146 -0.202 -0.232 -0.174 -0.014 -1.040 -0.391 0.062 0.075 

-1.61E-

06 

884 -0.594 9.549 -0.071 -0.056 0.169 0.162 -6.790 -0.042 -0.226 -0.418 0.280 -0.336 0.232 -0.087 -0.064 0.071 -0.390 0.019 -2.279 -0.213 -0.291 -0.998 

-1.29E-

06 

885 -2.728 16.423 -0.051 0.075 -0.206 0.292 -8.020 0.063 -0.593 -1.330 -0.136 0.427 -0.408 -0.128 -0.089 0.005 -0.603 -0.010 -3.998 -0.200 -0.002 0.000 NA 

886 -4.720 12.922 -0.105 -0.288 -0.640 0.602 -7.040 -0.045 -0.598 -0.986 0.294 -0.728 -0.308 -0.096 0.526 -0.215 -0.528 0.002 -3.195 -0.408 0.005 -0.854 

-3.29E-

07 

887 6.375 -14.803 0.123 0.202 -0.345 -0.020 8.350 0.147 0.917 0.228 0.489 0.102 -1.320 0.142 -0.147 0.145 0.861 0.031 3.627 0.424 0.020 -0.593 

-1.22E-

05 

888 5.345 -12.429 -0.071 -0.120 0.188 -0.372 7.100 0.003 0.144 1.080 0.599 -0.995 -1.310 0.005 0.193 0.080 0.654 0.031 3.678 0.765 -0.345 0.000 NA 

889 0.996 -0.279 -0.017 -0.094 0.081 -0.131 0.607 -0.027 0.073 0.477 0.038 -1.200 0.204 0.027 -0.046 0.069 0.047 -0.023 0.663 -0.183 0.043 -0.114 

-9.69E-

07 
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890 -1.079 -3.128 -0.105 -0.082 -0.330 -0.102 2.320 -0.026 -0.370 0.441 -0.313 -0.217 -0.173 0.086 -0.028 0.042 0.252 0.027 2.484 0.013 0.244 -1.275 

3.19E-

06 

996 2.332 1.975 -0.105 -0.222 -0.118 -0.865 -0.121 0.011 -0.708 0.444 0.277 -1.010 -1.110 -0.099 0.152 0.185 0.383 0.035 1.703 0.218 -0.038 -0.420 

-2.57E-

06 

 

 


