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Abstract 
 

 
Eucalyptus occidentalis, a timber species from south Western Australia, is highly 

salt and waterlogging tolerant. Screening identified genotypes tolerant of high salt 

concentrations and waterlogging. Tolerance at provenance, family and individual level, 

and how phenotypic performance under salt and waterlogging was inherited was 

explored to provide a breeding population.  

Salt and/or waterlogged screening was carried out under controlled conditions up 

to extreme salt levels to determine tolerance between genotypes. This tank method was 

shown to produce repeatable results. Seedlings of 30 families from 9 provenances were 

used for screening. At low salt concentration (up to 300 mM NaCl), differentiation 

occurred for some traits but in general there was only a slight reduction in growth under 

salt, and waterlogging alone was not detrimental. At high salt concentration (550 mM) 

differentiation occurred among genotypes for all traits. Equivalent genotypes were also 

planted in field trials at three sites, two with medium (583 - 847 mm) and one with low 

rainfall (372 - 469 mm), in southern Western Australia.  Survival was low (<53%) after 

9 months due to an exceptional dry season followed by  3 months waterlogging in 

Kirkwood (38 - 1360 mSm-1), but was high >89% after 33 months in saline fields in 

Sandalwindy (96 - 976 mSm-1) and Roberts (88 - 1424 mSm-1). Some families were 

similarly in high rank for height under saline conditions in controlled and field trials. 

Height had the highest narrow-sense heritability value, especially under controlled salt-

waterlogging (0.85) treatment and 20% selection enabled a gain of 8-14% under 

controlled conditions and in the field. Leaf production under salt was not an inherited 

trait. 

Systems were developed to hasten deployment of selected material.  Extended 

daylength (16 h) and paclobutrazol (1 mg a.i/mm stem circumference) stimulated 

flowering in 2 year-old plants. Clonal propagation was possible. Grafting success varied 

from 0-100% depending on scion/rootstock provenances. Cutting propagation was 

possible but these plants did not perform as well as seedlings from similar families 

under salt-waterlogging. Na+ and Cl- concentrations in seedling leaves could not be used 

to distinguish low from high salt tolerant genotypes.  

Microsatellite analysis of molecular diversity indicated that genetic diversity is 

high in selected genotypes. There was only a slight reduction in heterozygosity from 

species level to provenance and family levels, and two superior genotypes maintained 

high diversity.   

 v



Crossing was possible using one stop pollination of cut immature styles and 

capsule retention varied from 0-34% and germination rate from 2-96%. Genetic distance 

between parents was correlated with seed set and offspring fitness. Wider genetic 

distances increased capsule retention, seed germination and seedling survival. Under 

500 mM salt-waterlogging, offspring heights were similar when parental genetic 

distances were similar. High heritability value for height from ANOVA-REML parental 

screening was confirmed using parent-offspring regression. 

Screened superior genotypes, which withstood very high salt concentration, 

provide a breeding population for further breeding and for plantations under saline 

regions in low-medium rainfall areas in Western Australia and other parts of the world.  

These trees provide an economic return in areas where no other plants may survive and 

an environmental service in potentially reducing waterlogging, salinity and its spread.  
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Chapter 1                                                                                                                                                                 General Introduction 
__________________________________________________________________________________________________________ 

 
Chapter 1:  General introduction 
 
1.1 Background 
 

Salinity is a problem encountered in many regions of the world which degrades 

millions of hectares of land. Salinity affects about 7% of the world's land area, or over  

900 million ha (Szabolcs, 1994, based on FAO 1989 data).  Much of this is agricultural 

land. In Australia, around 5.7 million ha of land has potential to develop dry land 

salinity. This is predicted to increase to 17 million ha by 2050 (National Land and 

Water Resources Audit, 2001). In addition to natural salinity resulting from climatic and 

geological history, irrigation practices, deforestation and replacement of native 

vegetation with crops and pasture, are the main factors causing secondary, or 

anthropogenic salinity. Rising water tables may bring dissolved salt to the upperparts of 

the soil profile (Hunt and Gilkes, 1992). Two remediation approaches are commonly 

recommended; engineering and vegetation replacement. The first option, while effective 

in specific circumstances, is rarely economically feasible (Greenwood et al., 1992). The 

second, planting trees, can be a more effective means of controlling or even decreasing 

salinity.  Because trees use more water than annual crops, water tables may be lowered 

due to deeper roots and longevity (Dunn et al., 1994). They also provide many other 

advantages such as reducing erosion, providing shelter, timber products, and 

conservation issues such as habitat for wildlife and the aesthetic value of the property 

(Marcar et al., 1995). 

Western Australia is the most affected state in Australia with more than half of the 

farms (7,000) with some form of salinity problem (Sincock and Vardon, 2004). About 

1.8 million ha in Western Australia is affected by secondary salinity, with 8.8 million ha 

predicted to develop salinity in the next 50 years (National Land and Water Resources 

Audit, 2001).  Most of the salinity problem in Western Australia is related to rain-fed 

dry land agricultural regions, rather than irrigated agriculture (Bari and Smettem, 2006). 

The south of Western Australia has a very large agricultural zone with over 25 million 

ha devoted to growing cereals and livestock (Harwood et al., 2001). Approximately 

82% of this area is privately owned with 72% of it managed under agriculture. Most of 

the West Australian wheat belt is in the southern zone which receives 400 to 600 mm of 

winter-dominant rainfall. Without serious action, a potential further 6 million ha of 

these lands will be salt affected, (Harwood et al., 2001).  

It is also important to consider that waterlogging is common in areas affected by 

salinity. Choosing suitable tree species which can grow in saline and waterlogged areas 
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and be used to rehabilitate and reclaim saline land, is of key importance. Therefore, 

exploring the abundant natural biodiversity from Western Australia and manipulating 

local trees that show considerable tolerance in salt and/or waterlogging will be 

beneficial to overcome this problem.  The choice of local species for this purpose 

increases the chances of finding well-suited species to the planting sites as well as a 

good way to conserve the local species in their natural habitat. Exotic species, on the 

other hand, although they may be free from pests or pathogens at least in their first 

rotation, are more likely to be vulnerable to uncontrolled and serious damage once 

infestation occurs (Evans, 1992).  This may then threaten local species with possible 

invasiveness as weed risk (Melland and Virtue, 2002; Harrington et al., 2003). 

The natural distribution of Eucalyptus occidentalis is in the south of Western 

Australia. It has a natural moderate to high tolerance of salt and waterlogging (Pepper 

and Craig, 1986; Benyon et al., 1999; Marcar et al., 1995, 2000). Selection and tree 

improvement of this species was initiated by The Australian Low Rainfall Tree 

Improvement Group (ALTRIG) (Harwood et al., 2001) with establishment of Seedling 

Seed Orchards throughout southern Australia (Victoria, South Australia, Western 

Australia and New South Wales). However, improvement specific to salt and 

waterlogging condition has not been carried out. Trials from a range of Australia species 

indicated that this species under salt conditions is better than other test species.  

There is very limited information on provenance and family performance within 

E. occidentalis and their comparative performance under salt and/or waterlogged 

conditions in controlled condition and field trials. Screening to identify the most tolerant 

genotypes within this species will provide breeding population as a base population for 

further improvement. An understanding of suitable systems for germplasm deployment 

will enable mass propagation of selected tolerant genotypes.   Molecular assessment of 

diversity is essential in a breeding population as it avoids possibility of narrowing   

genetic diversity leading to the risk of inbreeding. 

In this project, breeding for salt and/or waterlogging tolerance was initiated. It was 

based on initial screening of E. occidentalis genotypes collected from throughout its 

natural distribution. The initial screening included 25 provenances under controlled 

conditions. Further screening was undertaken with nine representative provenances and 

taken to a higher level of salt exposure. This project was developed in collaboration 

with Forest Products Commission of WA (FPC) and the West Australian Department of 

Environment and Conservation (DEC, previously CALM).  It is expected that this study 

will contribute a major advancement in the development of salt and waterlogging 
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tolerant trees suitable for saline regions in the southern Western Australia or in other 

parts of the world with similar climatic and edaphic conditions. 

 

1.2 Objectives 

The objective of this study is to: develop a system for salt and waterlogging 

screening of E. occidentalis to provide superior genotypes for breeding populations, 

develop deployment systems and assess genetic diversity of the species.  

This research will explore 3 main areas:  

1) Salt and waterlogging screening at a provenance level with genetic diversity 

assessment as affected by selection (Chapter 3).  Further salt and waterlogging 

screening with increasing salt at a family level under controlled conditions.  These are 

confirmed in field trials (Chapter 4).   

2) Develop deployment systems (Chapter 5) using sexual and vegetative 

propagation methods through enhanced flowering and seed production systems using 

chemical and environmental stimulators. Observations of flowering synchrony will be 

made, along with an examination of grafting compatibility between provenances.  A 

comparison of clonal performance under salt/waterlogged conditions with matched 

family seedlings is also done.  

3)  Assessment of genetic diversity of the selected provenances and families, to 

enable crossing of the most and/or least tolerant individuals to avoid inbreeding 

depression and to produce progeny (Chapter 6).  Parental genetic distances will be 

correlated to progeny performance where available, under salt/or waterlogging 

conditions and the inheritance of these traits will be followed.  
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Chapter 2:    Literature Review 

2.1    Salinity problems, causes and solutions  

2.1.1 Salinity in Australia and Western Australia   

Salt occurs in many parts of the subsoil landscape throughout Australia and is 

generally more prevalent in southern regions. It accumulates due to winter rainfall and 

geographical conditions of the southern Australian landscape which create barriers for 

ground water flow (Shaw, 1999). Natural or primary salinity affects around one third of 

Australian soils, whilst secondary salinity, induced by human activity through removal of 

native vegetation and excessive irrigation for agriculture (Morris and Janken, 1990); 

(Barret-Lennard, 2003) affects over 4 million ha. More than 500,000 ha of irrigated land 

has endured some degree of salinity and/or high watertables (Williamson, 1990; Marcar 

and Crawford, 2004).  Without proper drainage, ground water in shallow locations 

accumulates.  This raises the salt-laden water table, resulting in many on-site and off-site 

impacts such as degraded soil structure, reduced crop and pasture production and 

salinisation of streams.  This has consequences for the economy, industry, infrastructure, 

society, local ecosystems and the broader environment. In total around 5.7 million ha of 

agricultural and pastoral lands in Australia are at risk of developing dryland salinity 

(Australia Parliament Senate, 2006). By 2050, salinity is predicted to present a hazard for 2 

million ha of remnant and established perennial vegetation, 41,000 km of streams or lake 

perimeters and 130 wetlands (National Land and Water Resources Audit, 2001).  In 2000, 

infrastructure and assets in areas with a high salinity hazard and shallow water tables, 

included railways (1600 km), roads  (19, 900 km), towns (68).  This figure is estimated to 

increase every year (Australia Parliament Senate,  2006).   

At 77 percent, Western Australia has the most area of affected saline lands at risk of 

developing secondary dryland salinity (Marcar and Crawford, 2004).  In Western Australia 

alone, lost productivity is estimated at $200 million per year (Lambert and Turner, 2000). 

Degradation of natural floral biodiversity is also a major threat in Western Australia, with 

at least 450 rare or threatened vascular plant species occurring within potentially saline 

areas (State Salinity Council, 2000; Marcar and Crawford, 2004).  
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2. 1. 2 Economy & science  

There is a relationship between substantial increases in salinity and the length of time 

since the vegetation was cleared.  Davidson and Bell (1989) estimated a period of 15-20 

years elapses before the appearance of salinity in valleys after vegetation clearing, but it 

may occur more quickly (5-10 years) in high rainfall regions. About one billion hectares of 

land is affected by salinity in the world of which 60% is cultivated for agriculture (Eipsten 

et al., 1980). Yield reduction in various crops due to salinity and waterlogging can be 

substantial, or result in complete crop failure. In Pakistan, yearly loss for rice-wheat (Oryza 

sativa - Triticum aestivum) rotation is US$166 million, with around US$33 million lost in 

the Indus Plain irrigated region alone (Qureshi et al., 2003). In Australia, agricultural 

productivity decline is estimated at $130 million per year, with losses of $100 million per 

year for infrastructure, $40 million for environmental assets and 2.5 million hectares of 

agricultural land (National Dryland Salinity Program, 1998).  These losses are recognized 

as a worldwide problem, particularly amongst developing nations.  The economic 

evaluation of remediation options, such as large scale tree establishment, are not well 

developed (Lambert and Turner, 2000). However in many cases, options such as tree 

planting are considered more economically feasible than engineering solutions as they 

provide an additional biological impact with possible economic returns, especially when 

combined with other agricultural endeavours, such as agroforestry (Bell et al., 1994; 

Greenwood et al., 1994).  

 

2.1.3   Causes of salinity  

Salt, predominantly sodium chloride, has been stored naturally for thousands of years 

in a subsoil layer ranging from two to 50 metres thick (Hunt and Gilkes, 1992). There are 

two main sources of salt in the landscape.  Salt originally from the ocean is continuously 

brought inland through wind, rainfall and dust, and this salt accumulates over centuries at 

rates of 20 to 200 kg/ha/year (Pannell et al., 2004). Along the southwest coast of Australia, 

around 200 kg/ha/year of sea salt is carried in by rainfall and leached by rain into the 

subsoil. This salt deposit is dissolved and brought to the surface by rising water tables, 

which is subsequently washed into streams. When the water is taken up by vegetation, salt 

is usually left behind in the subsoil (Hingston and Gailitis, 1976).  Another source of salt is 

through the weathering of rocks, mainly from marine sediments (National Land and Water 
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Resources Audit, 2001).  

Salt storage of inland regions has taken place over substantially longer periods 

compared to coastal regions, as they experience lower rainfall with less leaching and 

drainage (Hunt and Gilkes, 1992). Human-induced secondary salinity as a consequence of 

vegetation clearance results in  rain water not being fully absorbed by the new vegetation.  

This allows excess water to enter underground systems,  ultimately raising the water table.   

Water table rise can be quite substantial, reaching 0.5-1.5 m/year under high annual rainfall 

conditions (700 to 1100 mm) 0.1-0.5 m/year under medium rainfall (350 to 700 mm) and 

0.2 m/year in low rainfall areas (280-350 mm) (Hunt and Gilkes, 1992). Secondary salinity 

includes dryland salinity and irrigation salinity. Parts of eastern Australia have both types 

of salinity problems, while Western Australia experiences predominantly dryland salinity.  

It commonly occurs in valleys and flat paddocks, gentle hillsides or streamside areas. This 

is caused by shallow groundwater emerging as a saline seep, or in flat areas where natural 

saline clay subsoils are exposed by accumulated water. For both primary and secondary 

salinity, soils affected by salt generally have high electrolyte concentrations and low 

biological activities due to salt ionic and osmotic effects (Pessarakli, 1999).  

 

2.1.4 Recharge/Discharge  

In Western Australia, there are three kinds of landscape water systems that change 

and may cause salinity once native vegetation is cleared (Schofield et al., 1989). They are 

surface run-off, subsurface seepage (shallow systems) and deep aquifers (deep systems). 

Deep systems so far have been the main contributor to the problem. Most soil water moves 

to the shallow system through subsurface seepage. Although the amount of water may be 

small, ranging from 20 to 80 mm/year (Nulsen, 1986), it eventually accumulates and raises 

the level of the deep system, dissolving salt deposits and lifting them to the surface. This 

flow is known as ‘discharge’ and it mainly occurs in valleys or low-lying areas where it is 

often associated with flooding or waterlogging.  ‘Recharge’ areas are regions where high 

elevation water flows down toward low lying areas. These two types of saline areas require 

different strategies; recharge management (off-site) and discharge management (on-site) 

(Hunt and Gilkes, 1992). Planting trees, constructing drain and reverse bank interceptors 

are options adopted for recharge (off-site) management, while planting salt and waterlog 

tolerant trees, managing fenced forages for grazing, open or buried drains and pumping are 
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solutions for on-site management. Although not all areas are suitable for tree planting, a 

large proportion of those tested have shown promise using this approach. Recharge areas 

that are generally up slope are often not saline and more likely to be suitable for 

commercial forestry. Discharge areas, which are frequently waterlogged saline, might only 

be suitable for growing a few specifically tolerant trees. A large proportion of the 

catchments where trees grown on discharge or recharge sites show water interception,  

ultimately affecting ground water levels (Lambert and Turner, 2000). 

 

2.1.5 Engineering versus plant based solutions  

Different approaches are available to address the salinity problem. These approaches 

are determined by the nature of the landscape, time required/available to obtain results, 

severity of the problem and funds available. Sometimes a combined approach is needed. 

Engineering procedures primarily aim to avoid water accumulation and to prevent or 

restrict the runoff from moving to the salt region by establishing contour banks, drains 

(buried and pumped) and reverse-bank interceptors (Hunt and Gilkes, 1992). These 

procedures may provide immediate relief from the problem, but they are costly and may not 

completely alleviate salinity. The effectiveness of these procedures varies considerably. 

Engineering methods are the only way to protect some rural towns in Western Australia 

(Dames and Moore-NRM, 2001). The alternative approach is via vegetation changes  

(Greenwood 1986; Schofield et al. 1989; Farrington and Bartle, 1991; Marcar et al., 1995) 

which slowly increase water consumption and decrease the amount of water flowing into 

ground water. This generally takes longer to prevent further salinity problems and indeed to 

move towards recovery. It is considered a less expensive but more direct solution to the real 

problem. Planting trees does not give an immediate profit but agroforestry, that is 

combining trees with certain crops, pastures and specific drainage strategies, may be an 

alternative for farmers to maintain an income (Lambert and Turner, 2000). For the last three 

decades, people have been paying considerably more attention to this substantial problem.  

More is now known about the science of salinity including the basic responses of 

organisms, their physiology and biochemistry as well as assessment, evaluation and 

management practices for saline areas than ever before. Revegetation options for farmers 

consist of the choice of a limited range of species and the use of somewhat selected 

genotypes from salt-tolerant selection/breeding programs. The focus for tree species 
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selection in elevated salinity areas has been based primarily on the selection of genotypes 

showing high tolerance and survival rates under these conditions (Lambert and Turner, 

2000). 

 

2.2 How plants cope with salinity 

2.2.1 Mechanism: Exclusion, compartment   

In plants, salt is translocated from the roots to the shoot and leaves. Na+ uptake occurs 

as a series of membrane transportations which occur in roots, stems and leaves. When ions 

are accumulated in plant tissues, salt compartmentalisation into vacuoles or other parts for 

storage is a frequently deployed mechanism for salt sequestration (Allen et al., 1994).  In 

general, salt resistant genotypes have two strategies to withstand saline soil.  Firstly they 

can lower internal osmotic potential through the accumulation of osmocompatible organic 

compounds and secondly, they may exclude toxic ions from cells, or sequester them into 

vacuoles (Greenway and Munns, 1980). Plants with adaptations to saline conditions may 

have one or several mechanisms including morphological, anatomical and physiological 

adaptations (Kozlowski, 1977).  Salt exclusion or avoidance is one mechanism used to 

respond to saline situations by minimizing toxic ion uptake or keeping ion content as 

normal as possible (Hollington, 1998). This is done by keeping ions away from plant parts 

through several mechanisms: passive ion exclusion by a permeable membrane, active ion 

expelling by ion pumps, or ion dilution in plant tissues (Allen et al., 1994). Plants may 

sequester salt where ions are not excluded. If the concentration exceeds the capacity of salt 

compartmentalization to vacuoles in plants, ion accumulation in cytoplasm affects enzyme 

activity, and if it builds up in cells can cause cell dehydration (Flowers and Yeo, 1986) 

leading to plant death.  

Exclusion of chloride occurs in some legumes and fruit trees. Some plants, such as 

soybean (Glycine max) exclude both sodium and chloride. Sodium is excluded and retained 

in basal parts of the plant, but this process is dependent on energy (Jacoby, 1965). In durum 

wheat (Triticum turgidum durum), salt tolerance is often associated with low accumulation 

of Na+ in leaves (Munns et al., 2003), while barley (Hordeum vulgare) sequesters Na+ 

mainly into vacuoles in cortical cells, and can maintain high levels of K/Na in the 

cytoplasm (Gates et al., 1970). In halophytes, the mechanism to cope with high salt is 

through salt excretion from specific glands. Species in this group may not be suitable to 

                                                                                                                                                    
 



Chapter 2                                                                                                                                                                      Literature Review 
__________________________________________________________________________________________________________ 

                                                                                                                                           11 

reduce soil salinity because salt re-deposition can occur. Despite old man saltbush (Atriplex 

spp.) having salt glands, they have been shown to lower the water table and provide fodder 

(Niknam and McComb, 2000). Once a salt and water deficit has built up, plants must cope 

with injury caused by osmotic stress, and the reduced capacity to produce photoassimilates 

(Munns, 2002).  

In tree species, more salt-tolerant genotypes generally have a greater ability to 

exclude salts by using organic (derived from photosynthesis) and inorganic solutes in 

response to osmotic stress. However the use of organic solutes may re-direct energy needed 

for growth (Marcar and Crawford, 2004).   Concentrations of Na+ and Cl-  in Eucalyptus are 

higher in less tolerant plants than in tolerant plants and this may be a factor in the observed 

growth rate reduction (Marcar, 1989; Sharma and Goyal, 2003). In Eucalyptus 

camaldulensis, which is a relatively salt tolerant tree, lower sodium concentrations in the 

plant may be an indicator for tolerance. While in salt tolerant Pinus radiata, chloride 

content is 4 to 5 times that of  sodium and in P. patula it is twice that of sodium and this 

appears to cause more damage than sodium (Sands and Clarke, 1977; Lambert and Turner, 

2000).  

Plants generally use more than one strategy to cope with salt stress. The initial 

response to salt stress is a water deficit, lasting from a few days to several weeks.  The next 

phase is ion toxicity initiating leaf death (Rausch et al., 1996; Munns 2002). Particularly in 

young plants, it is essential to maintain a low level of ions in the leaves by ion exclusion 

and reduction of ion translocation to the shoots. Salt saturation causes leaf necrosis and 

finally plants die (Niknam and McComb, 2000). Plants which are able to maintain growth 

under salt have a high level of salt tolerance. This is ultimately determined by leaves which 

have a particular capacity to accommodate salt from the roots (Lambert and Turner, 2000).  

Leaf analysis for ion content would therefore be an important criterion for salt tolerant 

species (Blum, 1988). Ability to exclude sodium and chloride from young leaves is an 

important mechanism for salt tolerance in trees (Allen et al., 1994). Plant performance at 

certain salt levels are assessed in relation to the sodium and chloride contents of dead 

leaves. At highly saline conditions, tolerant forms of E. microtheca have lower foliar Cl- 

concentrations than sensitive ones (Bell, 1999). With possible differences in the root 

systems of seedlings and cuttings, low and highly salt tolerant families of E. occidentalis 

should be examined for the sodium and chloride content of leaves. 
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Generally, screening for salt tolerance is carried out under controlled conditions 

before testing in the field. This commonly involves treatments with salt under dry 

conditions as well as salt under inundation (Van der Moezel et al., 1991; Marcar et al., 

2002). In the field, saline soil is very commonly associated with waterlogging especially 

during the rainy winter season (Nulsen, 1986;  Van der Moezel et al., 1991; Sun and 

Dickinson, 1995).  Therefore, screening for salt tolerance in plants should include 

combined salt and waterlogged treatments.  

 Waterlogging is detrimental for plant survival and growth. Waterlogged soil is low 

in oxygen due to poor solubility and limited diffusivity in water.  Depletion of oxygen due 

to rapid absorption by plant roots and bacteria compounds this (Colmer, 2003). Inundation 

also causes an accumulation of ethylene and other anaerobic metabolites (carbon dioxide, 

ethanol and lactate etc) produced by roots and bacteria. With the influence of anaerobic 

organisms, long term flooding can also reduce NO3-, MnIV, FeIII and SO4
2- (Barret-Lennard, 

2003). In addition, production of adenosine triphosphate, the fuel for all cellular process, is 

reduced by about 95% when roots are transferred from a drained to waterlogged situation. 

Some woody species including Vitis, Citrus and Eucalyptus show variation in tolerance to 

flooding (Kozlowski, 1977). In non-saline waterlogged conditions, Eucalyptus 

camaldulensis, E. globulus, E. grandis, E. robusta and E. saligna all develop adventitious 

roots to obtain oxygen and this is an important trait selection for plant growth under 

waterlogging pressure (Farrell et al., 1996). Eucalyptus occidentalis also has some ability 

to adapt to flooding (Munichor and Itai, 1976) and it is often found growing in waterlogged 

areas throughout its natural habitat. Transpiration in this species is reduced by about 20% 

when exposed to 10 days of anaerobic flooding conditions.  This may be due to its ability to 

produce adventitious roots. CO2 fixation (stomatal conductance) and protein synthesis 

varied, eventually returning to control rates after about 21 days. Seedlings of 12 E. 

occidentalis provenances under waterlogged conditions had very high survival rates (100%) 

and strong relative growth rates (27-62%) over 5 weeks (Van der Moezel et al., 1991). This 

variation is useful information for further screening efforts to find the best performers. 

In association with salinity, waterlogging under saline situations increases sodium 

and chloride levels in shoots, further adversely effecting plant survival and growth (Barret-

Lennard, 2003). After 25 days of exposure to combined salt (100 mol m-3 NaCl) and 

waterlogging  in E. globulus or 350 mol m-3  Na+, Mg2+ , Ca2+, Cl-, SO42- for 77 days in E. 
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camaldulensis, leaf concentrations of Na+ increased 2.3 and 9.5 times  respectively.  For  

Cl- it rises  to 1.8 and 6.9 times respectively (Van der Moezel  et al., 1988; Marcar 1993); 

Barret-Lennard, 2003). Root porosity, such as in E. camaldulensis and Casuarina obesa 

under waterlogging may be lost whenever salinity increases (Marcar, 1993; Niknam and 

McComb, 2000). Screening genotypes by exposure to both  major stresses (salt and 

waterlogged) results in better plant performance in salt-affected field trials than salt 

exposure alone (Marcar et al. 2000a).  This strategy should be adopted for further 

screening. 

 

2.2.2 Growth/yield  

Halophytes are plants adapted to saline habitats while non-halophytes (glycophytes) 

are plants from non-saline habitats and struggle to maintain growth in saline conditions. 

The critical value demarcating the two classes is 300 mM NaCl (Flowers et al. 1977). The 

differences between halophytes and glycophytes are in their abilities: to accumulate and 

exclude ions, to control ion uptake by roots and transport to shoots and leaves, to 

selectively release ions into xylem, to accumulate ions and compatible solutes as osmotic 

adaptations, to compartmentalise ions at the cellular and whole plant level, and more 

generally, their roles in tolerance (Poljakoff-Mayber and Lerner 1999). So testing tolerance 

at this and higher salt concentrations is important. 

Enzymes extracted from halophytes are not more tolerant of salt high concentrations 

than those from glycophytes. Enzymes extracted from Atriplex spongeosa, and Dunaliella 

parva (which can grow at salinities 10-times higher than seawater) have the same salt  

sensitivity as those from glycophytes such as beans (Phaseolus vulgaris) and peas (Pisum 

sativum) (Greenway and Osmond 1972; Flowers et al., 1977; Munns 2002). The 

mechanisms for salt tolerance in halophytes are salt exclusion to minimize salt entrance 

into the plant body and reducing salt concentration in cytoplasm by effectively 

compartmentalising salt into vacuoles or excretion glands. This process allows halophytes 

to grow for long periods in saline soil (Munns, 2002). Whilst some glycophytes also have a 

mechanism for salt exclusion, they cannot effectively compartmentalise the salt taken up 

like halophytes. Most other glycophytes show poor ability to exclude salt, with salt 

concentrations reaching toxic levels in transpiring leaves (Munns, 2002).  

  Salinity affects plants and plant organs in different ways, but inhibition of growth is 
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universal. Leaves are short lived when exposed to long term salinity; their retention is 

decreased and abscissions are high.  This response should be examined. A general 

consequence of changes in shoot-to-root ratio is that dry matter production is reduced in 

both parts (Poljakoff-Mayber and Lerner, 1999). Therefore growth is commonly selected as 

a character to indicate salt tolerance, and this is often expressed as height, diameter, relative 

growth or dry weight. Methods to assess success of tree planting in saline areas need to 

consider more factors than other crops. A series of trials or tree life cycles or a large trial 

area may be required to field-test trees as salt levels in the field are variable both spatially 

and temporally. In addition, tree health and productivity often change rapidly, indicating 

that regular monitoring is crucial (Lambert and Turner, 2000). There are indications of 

compartmentalisation of sodium and chloride in bark, sapwood and heartwood in 

Eucalyptus maculata, E. cypellocarpa and E. grandis. For this to occur, trees need to be 

large enough to develop a substantial quantity of heartwood and bark (Lambert and Turner, 

2000). Preliminary studies indicate that accumulation of salt in young trees has no effect on 

fibre and wood properties, although growth reduction due to salinity can cause damage if 

related to fibre formation (Catchpoole et al. 2000). So generally although less timber may 

be produced on saline land it could still be of commercial quality. Whilst examination of 

long term trials are not possible in a short time frame examination of short-term responses 

in saline waterlogged fields are clearly valuable (Morris, 1995; Benyon et al., 1999). 

 

2.2.3 Plants: crops and perennial/annual   

Irrigated crops are frequently grown in soils affected by salinity throughout most of 

the world (Pessarakli, 1999). Throughout history, increasing salinity resulting from crop 

irrigation has been a major factor in reduced productivity of agricultural land. Poor 

drainage is often the cause of saline soils in irrigated farming systems. Pure water is 

removed through evaporation and transpiration, while dissolved salts are left behind. 

Without flushing and draining by rainfall or additional irrigation, salt accumulates on the 

soil surface (Pessarakli, 1999).  

Planting salt-tolerant crops may be considered a short term solution to salinity 

(Downton, 1984). Crops are grown when alternatives, such as planting trees or engineering 

approaches, are not affordable or possible, particularly when a strong revenue stream is 

required by farmers. Salt-tolerant crops/plants are important worldwide because they are 
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the only practical means of food production for 40% of naturally occurring saline areas, 

such as estuarine areas and coastal swamps. Increasing salinity reduces crop productivity 

and limits crop alternatives (Malhotra and Blake, 2005). Unfortunately, most food crops are 

not halophytic, although sugar beet (Beta vulgaris) and barley (Hordeum vulgare), which 

have halophytic ancestors, are well adapted to salinity. In breeding programs, wild relatives 

of crop plants which have greater salt tolerance are often used for crossing (Downton, 

1984). Tolerant agricultural crops, such as barley, cotton (Gossypium sp.) and sugar beet 

have a 5-5.9% yield reduction with 7-8 mS/cm EC (electrical conductivity).  Yields in 

moderately tolerant wheat (Triticum aestivum) and soybean (Glycine max) reduces 

production by 7-20% at 5-6 mS/cm EC, moderately sensitive rice (Oryza sativa), tomato 

(Solanum lycopersicum), lucerne (Medicago sativa) and maize (Zea mays) drop by 7-12% 

at 1.7-3 mS/cm EC, and sensitive peach (Prunus persica) and apricot (Prunus armeniaca) 

decrease substantially by 12-24% at only 1.6 mS/cm EC (Maas and Hoffman, 1977). 

Asparagus (Asparagus officinalis) and sugarcane (Saccharum officinarum) also show some 

level of salinity tolerance. Some crop legumes possess salinity tolerance including chickpea 

(Cicer arietinum), pea (Pisum sativum), bean (Phaseolus vulgaris), faba bean (Vicia faba) 

and lentil (Lens culinaris). However under saline conditions, symbiotic nitrogen fixation 

needs to be considered. Free living rhizobia are more salt tolerant than the host, but the 

symbiotic process is sensitive to fertilisation (N application appears to increase legume 

tolerance to salt) (Malhotra and Blake, 2004). In general, salt tolerant crops with high 

seed/fruit yields and high leaf area are preferable as they have greater water use levels. 

These crops are needed for salt-scalded areas. More tolerant genotypes will always be 

needed for increasingly saline soils worldwide. It may be argued that salt tolerant crops 

present part of the solution. Farming practices may need to be modified and revegetation 

with native plants should be considered (National Plan of Salinity Western Australia, 

2003). Despite a poor understanding of the genetic control of salt tolerance in plants, 

progress has been made in breeding for tolerance in several crops (McNaeily, 1990).  Some 

success with rice, wheat, barley, tomato, Indian mustard and chickpea has been realised 

(Sharma and Goyal, 2003).  

The Western Australian wheatbelt stretches south-easterly from Geraldton in the 

central west to Esperance in the south-east of the state.  The largest crops in this region are 

wheat, barley, lupin (Lupinus polyphyllus), oats (Avena sativa), and canola (Brassica 
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napus) with limited production of field peas, chickpeas and lentils (Anonymous, 2007). 

Nitrogen fixing legumes, either as crops or in pasture, are important to improve soil fertility 

and ,reduce requirements for applied fertilizer for the subsequent crop (mainly wheat). The 

WA wheatbelt is a prime example of anthropogenic secondary salinity. Natural vegetation 

was cleared over seven decades as the region became the State’s major cropping area.  In 

the 1950s farmers were reporting hardship due to low prices, exacerbated by the 

encroachment of unviable saline land (Beresford et al., 2001). With the current predicted 

rate of salinity spread, $30 million in land value is predicted to be lost per year for the next 

30 years. A national audit of dryland salinity estimates $80-120 million lost annually the 

next 50 years (Beresford et al., 2001).  Approximately 6.5 million hectares of land will be 

lost to shallow water tables and salinity in agricultural lands over the next 50 years.  

Alternative strategies are urgently required.     

Perennials plants often have deep roots and are long lived. They are often grown in 

saline areas for their high water use compared to shallow-rooted annual crops. Perennials 

may include herbs for livestock, shrubs for fodder production and mallee and tree species 

for oil, wood and other products. Lucerne is by far the most profitable plant compared to 

other pastures (Kingwell, 2003). Other salt-tolerant perennials suited to agriculture include 

salt grasses (Distichlis sp), meadow cord grass (Spartina patens), alfalfa and some avocado 

(Persea gratissima) varieties (Sharma and Goyal, 2003).   

Most dryland agricultural crops have very shallow roots.  Even clover and deep 

rooted perennial lucerne have roots penetrating less than 1-2 m deep. They have much less 

opportunity to extract soil water compared to trees such as Eucalyptus, where roots have 

been shown to source water up to 30-40 m away (Anonymous, 2005). Efforts to plant 

native deep-rooted Eucalyptus trees to produce eucalyptus oil, electricity and activated 

carbon for profit, while protecting land and restoring ecosystems, were initiated in the 

1980’s. Plantings of native mallees such as Eucalyptus angustissima E. horistes, E. kochii 

E. loxophleba subspecies lissophloia, E. gratiae and the blue mallee E. polybractea from 

south eastern Australia, have added to the biodiversity of wheatbelt farming systems and 

help contribute to the viability of rural communities (Bell et al., 2001).  

The use of timber trees to ameliorate saline lands provides economic value to counter 

the planting costs as well as provide environmental benefits. Several mallee eucalypts, such 

as E. loxophleba, E. horistes and E. polybractea have been used in alley farming systems in 
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Western Australia for salinity control (Wildy et al., 2003). Eucalyptus reforestation can 

lower ground water by 1.5 m compared to adjacent pastures where it may continue to rise 

(Bari and Schofield 1992).  More Eucalyptus-based options are sought.  

Tree plantations need to be sufficiently dense to achieve a high productivity level and 

high water utilization. In low rainfall areas, long dry summers restrict species options and 

only low density plantations can be sustained (Pannell et al., 2004). In 435 mm annual 

rainfall areas, plantations may support around 500 stems/ha. This density of trees barely 

provides enough return to recover the cost of planting and thinning. Initial planting 

densities in high rainfall zones may start at 800-2500 stems/ha followed one or two 

thinnings, before 200-300 stems/ha of high quality trees may be harvested (Lambert and 

Turner, 2000; Marcar and Crawford, 2004).    

There is the potential for substantial benefits in resolving salinity problems through 

growing tree species with deeper roots and higher water use rates.  Trees may lower water 

tables and offer potential revenue streams from wood and other by-products.  Therefore, 

developing improved trees, such as E. occidentalis, could provide a more comprehensive 

solution than crops alone.  

 

2.3   Breeding for salt tolerance 

2. 3.1 Genetic control of salt tolerance  

Some plants have evolve mechanisms to grow in environments as saline as sea water 

(~500 mM NaCl) (Rains and Goyal, 2003).  Where it is not possible to select or modify the 

growing environment, the plants must be changed specifically to suit the adverse conditions 

and preferably maintain yields. Unfortunately, salt tolerance is a complex trait that has 

strong interactions with conditions such as soil moisture, soil chemistry, light intensity, 

temperature and humidity (Asch et al., 1999). Genes controlling these physiological and/or 

biochemical responses have interactions with other responses, many of which are 

independent of the tolerance mechanism (Rains and Goyal, 2003).  Even when genes are 

identified as being specific to salinity tolerance, developing tolerant germplasm is 

challenging. Early selection focusing on yield, followed by delayed selection for salt 

tolerance might result in the tolerant lines being lost during the breeding process. Avoiding 

heavy selection pressure is preferable, retaining a substantial proportion of the most tolerant 

lines within the population (Garcia et al., 1995).  However, it is useful to understand the 
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gains made in terms of the genetic diversity of the selected population.   

Inheritance of salt tolerance has been demonstrated in several plants including some 

crops and woody perennials. Some forage legumes have shown moderate to high 

heritability of salt tolerance (Noble and Rogers, 1994).  There appear to be dominance, or 

over dominance genes for salt tolerance in rice, tomato and wheat (Moeljopawiro and 

Ikehashi 1981; Subbarao and Johansen, 1994) and a dominant gene for Cl- exclusion in 

soybean (Able, 1969). Some major genes in rice and tobacco (Nicotiana sp)  are associated 

with salt tolerance, but genes essential for continued growth and development and to yield 

stability have not been identified (Ding et al., 1998; (Botella et al., 2005). In Citrus, 

independent inheritance of Na+ and Cl- exclusion is known to be controlled by several 

genes.  Favourable alleles in Citrus controlling characters of leaf mass, abundant root 

production, and superior tissue tolerance to high Na+ in fibrous roots, have been collected 

in the F1 populations for further improvement in salt tolerance (Tozlu et al., 2002). Vitis 

also has polygenic control of Cl- exclusion (Sykes, 1992).  A high narrow-sense heritability 

(h2 = 0.47-0.92) exists for shoot dry weight within E. grandis and E. globulus subjected to 

salt, waterlogging and salt x waterlogging treatments (Marcar et al., 2002).  This bodes well 

for selection and breeding of tolerant Eucalyptus species. Eucalyptus occidentalis is 

recognized as being highly salt-tolerant (Marcar, 1989; Marcar and Crawford, 2004) but 

little information exists on how this tolerance is inherited.   

Farmers will require multi-tolerant individuals and / or genotypes, rather than those 

with tolerance to a single stress.  Developing salt tolerant lines which possess tolerances of 

other abiotic stresses such as submergence, toxicities of iron and aluminum, and 

phosphorus and zinc deficiencies is essential (Bennet and Kush, 2002).  It is likely that salt 

tolerance and frost tolerance may be related in Eucalyptus (Marcar, 1989).  

Because of the inherent patchiness of saline areas, there is an argument for 

concentrating on genotypes with superior yields rather than genotypes compromised by salt 

tolerance. High yields obtained from less saline regions would compensate for lower yield 

in highly saline regions. This may not be a suitable approach for crops which already have 

minimum yields, even in very low saline areas. For some developing countries, keeping 

superior yielding genotypes that perform well across large scale saline regions will be more 

beneficial given the limited breeding research, rather than focusing on yield potential of 

less tolerant lines (Sharma and Goyal, 2003). So for E. occidentalis, selection for yield (in 
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this case, tall plants with high stem diameter) as well as multi-stress tolerance would be 

ideal. 

 

2.3.2  Breeding of Eucalyptus and Eucalyptus occidentalis Endl.  

Many broad-leaf tree species, including Eucalyptus, have been genetically improved 

through a complete series of breeding programs. Breeding of Eucalyptus started with the 

establishment of a E. grandis seed orchard in Brazil (1961), a plantation of locally open-

pollinated selected trees of E. grandis in Florida (1961), a grafted seed orchard of E. 

grandis in South Africa (1965) and E. globulus plus trees selection in Portugal (1966).  

Other species followed with a seed orchard of E. regnans in Victoria, Australia (1970), a 

grafted E. deglupta seed orchard in Papua New Guinea (1973), development of hybrids of 

E. gunnii x E. dalrympleana in southern France, E. tereticornis x E. grandis and several 

other hybrids with E. alba, E. grandis and E. urophylla in the Congo and E. grandis x E. 

urophylla in Brazil. Characters of interest for these breeding programs included height, 

diameter, tree form, cellulose content and wood quality. Common to all early breeding 

programs was the lack of a broad genetic base and limited long term selection strategies.  

Since these initial efforts however, Eucalyptus breeding has become more advanced 

through the use of new technologies such as genetic parameter estimation to calculate 

genetic gain and to develop selection indices of various characters (Eldridge et al., 1993).   

Breeding of E. occidentalis started in 1993 with the establishment of provenance 

and progeny trials, dedicated seed production areas and genetic gain trials (Bush et al., 

2007).  In conjunction with 6 other trial species, E. occidentalis was selected for a 

collaborative genetic improvement program by ALRTIG (The Australian Low Rainfall 

Tree Improvement Group) (Harwood et al. 2001). Three Seed Production Areas (SPA) and 

eight progeny trials of E. occidentalis consisting of 63 to 120 families have been 

established throughout southern Australia (Victoria, South Australia, Western Australia and 

New South Wales) and are destined to be converted to Seedling Seed Orchards at maturity 

(Harwood et al., 2005). Due to marginal growth rates and timber quality, this species may 

not be competitive in high rainfall areas (Harwood et al., 2001; Bush et al., 2007) but 

through an improvement program, may provide healthy commercial returns in low rainfall 

regions.  Eucalyptus occidentalis may be especially suitable for planting where revegetation 

is required to manage salinity, as it occurs naturally in saline areas (National Plan of 
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Salinity Western Australia 2003). The possibility of developing a hybrid with E. 

camaldulensis should also be considered (Bush et al., 2007). Some information specific to 

propagation using tip cuttings has been determined for E. occidentalis.  Survival has been 

recorded at 80-90%, and high outcrossing rates in seed production areas (>0.9) combined 

with ease of grafting bode well for E. occidentalis improvement. To achieve a successful 

planting program, a combination of improvement with silviculture, assessment of 

environmental benefit, and service provision for harvesting and processing need to be 

encouraged for this species (Harwood et al., 2005). Further information is required on the 

variation within E. occidentalis in terms of propagation and the impact of genotype on 

flowering synchrony for cross pollination and seed production. 

 Included in this push towards genetic improvement of trees in recent decades has 

been for selection of species, provenances and genotypes for salt-tolerance (Marcar and 

Crawford, 2004). In many areas, planting trees is generally recognized as the best option to 

overcome salinity, however not all species are suitable. Eucalyptus has superior 

characteristics compared with annual crops and pastures in terms of salinity recovery. 

Young plants of Eucalyptus may transpire 10 to 100 litres of water per tree per day, even in 

highly saline conditions (3,000 mS/m-1 EC).  They maintain evergreen canopies with large 

leaf areas, deep root systems and are long lived (Schofield et al., 1989). This makes the 

genus ideal for planting in saline discharge areas which are often seasonally inundated with 

an excess of winter ground water (Nulsen, 1986). Eucalyptus uses up to four times more 

water compared to pastures (Davidson and Bell, 1989). West Australian plantings of E. 

occidentalis, together with E. camaldulensis, E. loxophleba, E. sargentii and E. spathulata 

have been successful in lowering salinity with EC’s up to 3000mSm-1 (Lefroy and Scott, 

1994).  In addition, E. occidentalis has advantages in providing an environmental service as 

well as providing an economic return in saline low rainfall areas. 

Eucalyptus occidentalis grows naturally in south-western Australia between Wagin 

and Isralite Bay at an elevation of 50–300 m  and has a natural high tolerance to salt and 

waterlogging (Marcar et al., 1995, 2000; Benyon et al., 1999; Pepper and Craig, 1986). It is 

often found in clay soils near salt lakes, along river banks and swampy areas (Chippendale 

1973).  The species also occurs in xeric environments (Itai, 1978; Zohar and Moreshet, 

1987; Searson et al., 2004). Eucalyptus occidentalis shows promising growth on heavy 

soils subject to seasonal waterlogging and moderate salinity (Harwood et al., 2001; Pepper 
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and Craig, 1986) and has high frost resistance (Marcar, 1989). In its natural distribution it 

can grow up to 20 m in height (Chippendale, 1973). It produces timber suitable for building 

poles, pilings, posts and heavy construction (Marcar and Crawford, 2004) and also has 

potential for pulp production (Clark et al., 1999).  In Mediterranean countries this species 

has been considered important for arid–zone reforestation and it has been successfully 

planted under extreme conditions in the Sahara and Wadi Arava, Israel (Zohar et al., 1981). 

In general, E. occidentalis also displays excellent survival and moderate growth rate in arid, 

semi-arid and sub-humid winter rainfall climates.  Satisfactory growth rates have been 

recorded in California, Mexico and Chile, and the species has been successfully introduced 

to Israel, Egypt and Southern Europe, North Africa and the Middle East (FAO, 1981; 

Harwood et al., 2001).  Plantations in Italy have shown a mean annual biomass 

accumulation of 1.5 to 6 m3/ha/yr over 12-15 years.  These have been used for pulp 

production on an industrial scale (Harwood et al., 2001). This information provides 

evidence of the suitability of E. occidentalis for commercial utilisation. 

Eucalyptus occidentalis has the potential to produce valuable timber products with 

promising yields in unfavourable, often saline conditions. In a saline location in southern 

New South Wales, a trial containing 16 provenances of E. occidentalis produced trees with 

2.8 - 4.8 cm diameter at breast height after 2 years (Marcar and Crawford, 2004). It is 

estimated that the MAI (mean annual increment) for E. occidentalis was 5-6 m3 ha-1.  This 

compares favourably with several E. camaldulensis provenances planted in slight to 

moderately saline water tables, which have 2-3 m3 ha-1 MAI. Eucalyptus occidentalis 

together with E. sideroxylon and E. cladocalyx are suitable for sawn timber although 

genetic improvement for branching and stem form is required (Blackemore et al., 2003). 

This has raised interest in E. occidentalis tree production, especially for land affected by 

waterlogging and salinity (Clark et al., 1999; Harwood et al., 2001).   

Eucalyptus camaldulensis, E. sargentii, E. spathulata, E. platypus including E. 

occidentalis, show promise when evaluated under saline controlled and field conditions 

(Paper and Craig, 1986; Moezel and Bell 1987, 1991,; Marcar et al., 1995; Benyon et al., 

1999). Eucalyptus occidentalis, together with E. sargentii and E. cladocalyx, have the 

greatest leaf area index (LAI) and Water use index (WUI) in 400 mm rainfall region, 

Popanyinning Western Australia, at 6 years compared to other species such as E. 

camaldulensis, E. wandoo and E. melliodora, species which occur naturally in the 400-500 
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mm rainfall region (Greenwood et al. 1994).  Water use per tree was also up to 1.8 times 

more than for E. camaldulensis. However, E. occidentalis has less growth reduction with 

increasing root zone salinity (Benyon et al., 1999) and together with E. globulus, E 

camaldulensis and E. cladocalyx, performed the best in reducing flow from the catchments 

and substantially better than pasture or crops near salt seeps (Biddiscombe et al., 1981). 

Eucalyptus occidentalis showed better tree height and stem basal area in trials with 

irrigated saline drainage water compared to E. camaldulensis, E. grandis and E. robusta 

(Stevens et al., 1998). Eucalyptus occidentalis and E. camaldulensis var. rostrata were 

better performers in Californian salinity trials than over 100 other species evaluated 

(Donaldson et al., 1983). Eucalyptus occidentalis performed significantly better than 

Corymbia maculata, E. botryoides and E. tereticornis in post-coal mining plantations when 

irrigated with saline mine water in New South Wales (Mercuri et al., 2005). The ability to 

grow in saline and waterlogged locations and to transpire at high rates, shows the great 

potential of E. occidentalis as an effective species for rehabilitation and reclamation of 

saline areas.   

Some provenance variation in terms of growth/height and stem form exists in 

plantations of E. occidentalis (Harwood et al., 2001).  Moreover, this species shows 

evidence of provenance variation at the critical level of salt tolerance (Zohar, 1982; Zohar 

and Schiller, 1998; Van der Moezel et al., 1991) and this could potentially be improved 

through selection for saline land reclamation and to provide wood-products.      

 

2.3.3 Genetic Parameters 

The aim of genetic testing is to estimate key parameters such as the breeding value of 

parents and appropriate selection thresholds (Loo-Dinkins, 1992). In tree improvement 

programs, breeders working with quantitative characters try to estimate the nature, 

magnitude and correlations of genetic variation within breeding populations (Allard, 1960; 

Eldridge et al., 1993). These are expressed as genetic parameters that mainly consist of 

additive and non-additive genetic variation, heritability values, phenotypic and genetic 

correlations, as well as genotype-environment interactions (Eldridge et al., 1993). To 

estimate genetic parameters, sufficient germplasm should be sourced so as to best represent 

as much of the genetic variability available from the base population (Loo-Dinkins, 1992). 

For this purpose, all provenances from throughout the natural stands and unimproved 
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plantations should be included. For advanced generation base populations, progeny of 

selected parents from previous generations are most often used (Zobel and Talbert, 1984).  

Examination of tree species from the genus Eucalyptus indicate that variation in 

tolerance within species is lower than variation between species. This has been shown in 

survival, height or leaf area of many Eucalyptus species under controlled and field trials 

(Dunn, et al. 1994, Marcar et al. 2003). Species with similar tolerance but different 

desirable characteristics might be exploited for breeding such as to produce hybrids with 

special values (Zobel and Talbert, 1884), but selection within species due to evident 

substantial intraspecific variation for salt tolerance in tree species (Allen et al 1994) need to 

be exploited in advance. 

Effects of genes can be additive or non-additive. In additive effects, many genes from 

several loci have synergistic effects on the same character.  The more genes involved, the 

greater the effect will be (Falconer, 1989; Eldridge et al., 1993). A trait affected by this 

inheritance is known as a quantitative or polygenic trait.  This commonly characterizes 

traits that have economic value in tree species, including Eucalyptus, such as height and 

diameter. Non-additive effects generally consist of dominance and epistatic effects. The 

effect between alleles is determined by dominant alleles or by interaction of genes from 

different loci respectively.  These effects have been revealed in Eucalyptus (Silva et al., 

2004).   

In tree species, accessions involving thousands of trees need to be arranged in well-

designed trials to accurately estimate variance components originating from the growing 

environment (Loo-Dinkins, 1992; William et al., 2002). The number of trees will determine 

the precision of variance estimates (Loo-Dinkins, 1992).  Genetic correlations are 

especially prone to sampling error when numbers are low (Cotterill and James, 1984).  A 

sufficient number of individuals per family is needed to ensure accuracy and precision of 

estimates of family means.  In a well designed trial for estimating genetic parameters, ten to 

twenty individuals per site are reliable for determining these family means (Cotterill and 

James, 1984).  Perhaps most importantly, field trials should incorporate several sites, thus 

accounting for any natural variability in soils and sites (Loo-Dinkins, 1992). 

Of greatest importance in assessing character traits is heritability; the genetic value as 

a proportion of total variance (Falconer, 1989). Heritability values can be calculated at 

family level, based on family average, and at individual level, based on individual tree 
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measurements. Heritability values can also be calculated in a broad sense; as a ratio 

between total genetic variance and phenotypic variance, or as narrow sense heritability; a 

ratio between additive genetic variance and phenotypic variance (van Buijtenen, 1992). 

Individual narrow-sense heritability is commonly preferred because this value has a 

predictive role for describing the reliability of phenotypic values as estimates of breeding 

values (Falconer, 1989).  This breeding value is expected to reflect the genes carried, and 

influences the next generation (Falconer, 1989). Selected individuals with the best genetic 

worth may then be used for immediate mass propagation (Eldridge et al., 1993). 

In polygenic traits, statistical methods are needed to quantify the net effect of genes 

(Bourdon, 1977). Individual performance is a good indicator of breeding value, particularly 

if the heritability value is high, indicating a strong relationship between phenotype and 

breeding value. However, whenever heritability is low, phenotype is a poor indicator of 

breeding value. Where environmental variation can be kept to a minimum, genetic effects 

influencing performance should become more obvious. Subsequently, assessment of 

heritability is likely to be exposed more precisely.  Heritability, the value by which 

inheritance of traits is measured, is calculated from the ratio of genetic variance to 

phenotypic variance and ranges from 0 to 1 (Van Buijtenen, 1992). This indicates how 

much of the observed phenotype is genetic and how much is environmental (Eldridge et al., 

1993). The greater the influence of the genetic component controlling the trait, the closer 

the value is to 1. Heritability value is very important and it is used in every formula related 

to breeding methods.  Individual breeding value (Aexpected) may be estimated from 

phenotypic value (P) and heritability (h2) with the equation: 

 

A(expected) = h2 P                                      (Falconer, 1981) 

 

Heritability is also used to predict the genetic gain, G, where:  

 

G = h2 i σp                                   (Hodge and White, 1992)     

 

where i is selection intensity and σp is phenotypic variation.  To calculate Type B genetic 

correlations between two environments, x and y, rgxy  = r xy / (hĝx . hĝy ) with r xy  as the 

correlation between group means at x and y,  and hĝx and hĝy as the heritability value of 
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each  (Burdon, 1977).  

In most trials, interaction between genotype and environment, known commonly as G 

x E interaction, is almost always present (William et al., 2002). Individual phenotypic 

values are affected by a constant genetic component, as well as an environmental 

component (Falconer, 1981).  The rank of genotypes will therefore change under different 

growing environments (Eldridge et al., 1993) due to differential expression of individuals’ 

differing genotypes.  Understanding this interaction is essential where genotypes will be 

grown in different conditions, although stable genotypes in a different range of sites are 

preferred (Falconer, 1981; William et al., 2002). Stable genotypes can be identified in 

saline environments under similar conditions and therefore field trials from similar climatic 

conditions for E. occidentalis need to be selected. 

 

2.3.4  Screening for salt/waterlogged tolerance 

Where variation exists for a particular trait of interest, screening to select better 

performers is possible. Eucalyptus provenances, including E. occidentalis, vary in growth 

rates under salt conditions (Blake, 1981; Zohar, 1982; Van der Moezel et al., 1991; Marcar 

et al., 2003). Hence screening as wide a range as possible from as many different 

provenances or genotypic groups is necessary for selections based on salt tolerance (Dunn 

et al., 1994). Screening to select superior genotypes can be done at provenance, family or 

individual levels. It is important, therefore to undertake tolerance identification under 

controlled conditions to provide uniformity of treatment, given the diverse range of salt 

concentrations under field conditions. Uniform conditions are essential as environmental 

variation in salinity in the field generally exceeds genetic variation in tolerance (Subbarao 

and Johansen, 1994). This highlights the importance of screening for E. occidentalis under 

controlled conditions, in order to accurately reveal the genetic component of phenotypic 

variation. 

The ability to tolerate salt is best expressed through growth, and this is highly 

inherited in some species including Eucalyptus (Marcar et al., 2002; Mahmood et al., 2003; 

Marcar and Crawford, 2004). In the field, plant growth is greatly influenced by soil 

characteristics including salinity (Zobel and Talbert, 1984). However, field assessment of 

selected genotypes must be carried out in order to fully determine their suitability to the 

environments for which they are intended. Selection success will ultimately be determined 
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by genetic variation in growth which may be distinguished from environmental effects. 

Consistency of E. occidentalis performance during controlled screening and in field trials 

will confirm the presence of tolerance in genotypes.  

 Different levels of salt tolerance may be partly due to seedlot differences, in addition 

to environmental interactions (Lambert and Turner, 2000). Genotypic tolerance must be 

expressed both under controlled conditions and in field trials, before any selections are 

made. Burdon (1997) introduced the genetic correlation concept (Type B) specifically for a 

trait that is expressed in different environments.  This was done by calculating the 

correlation of that trait in two environments involving heritability at each location. This 

correlation compares the genetic effect between two situations by minimizing 

environmental effects.  This genetic correlation has the additional advantage that it can be 

applied to separate analyses of variance in each environment regardless of tree lay out at 

each site. This concept should be applicable to compare similar E. occidentalis families 

tested under both controlled conditions (glasshouse or pot trials) and in field trials. 

In screening for salinity, it is important to know the plant stage which is most 

sensitive. Screening at seedling and mature stages will complement each other. Superior 

seedlings selected under controlled condition may ensure growth at the mature stage. The 

mature stage in the field is required for a tree species to express their function, including 

environment amelioration or wood harvest.  

Whenever screening is carried out under controlled conditions, it is essential to 

consider composition of salt for testing the tolerance. Different salt mixtures will have 

different levels of effect on growth (Nassery et al.,1979, Weimberg et al., 1984). Ca2+ 

concentration in the medium will greatly influence the plants response, as this affects Na+ 

absorption, membrane integrity and K+ or Na+ selectivity (Cramer et al., 1985). When 

exposing plants to salt, it is important to apply gradually increasing salt concentrations over 

time.  Sudden exposure may affect the plants adversely and may disguise initiation of the 

adaptive responses (Niknam and McComb, 2000).  In nature, plants are adapted to gradual 

changes, with summer drying and winter rainfall alternating the root-zones severity of 

exposure to salt.  Salt levels should be high enough to initiate a tolerance response, but not 

so high as to expose the plants to unnaturally hypersaline conditions. These conditions 

would therefore distinguish between genotypes for overall tolerance (Blum, 1988) and 

influence internal effect (Munns, 2002). It is crucial to screen for both salt and 
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waterlogging together because the two conditions are frequently associated (Van der 

Moezel et al., 1991; Sun and Dickinson, 1995).   

Different screening methodologies for plant species have been applied. Time of 

exposure to salt and water logging ranges from 5 days for crop species (Marcar and 

Termaat, 1990) to 3-24 weeks for some tree species (Bell et al., 1994; Mensforth and 

Walker, 1996).  Plant ages may range from three weeks to nine months for Melaleuca and 

Eucalyptus (Naidu et al., 1987; Van der Moezel et al., 1991; Mensforth and Walker 1996).  

Potted plants with soil submergence or frequent irrigation are commonly applied, with 

levels ranging from 200 to 700 mM NaCl or higher to 1200 mM under trickle irrigation 

schemes (Naidu et al., 1987; Craig et al. 1990; Van der Moezel et al.1991; Bell et al., 

1994).  For E. occidentalis, salt ranges from 300 to 500 mM have been applied using 

limited genotypes (Marcar, 1989; Van der Moezel et al., 1991).  

In the present study, initial E. occidentalis screening will be carried out using 300 

mM NaCl for 25 provenances, and increased further to around sea salt level 550 mM NaCl 

for 9 provenances.  Where possible, concentrations will be held at this level until half of 

those particular genotypes are dead.  

 

2.3.5  Field trials   

Field testing of trees for saline land reclamation needs to match the site conditions 

where the species will be planted (Morris and Thomson, 1983; Lambert and Turner, 2000). 

Essential information including location, climate (rainfall, mean daily minimum and 

maximum temperature), site characteristics (remaining vegetation) topography, soil 

condition and synopsis for site preparation all need to be obtained before establishing 

suitable field trials (Eldridge et al., 1993). For saline locations, additional information 

should include EC and watertable level as well as information about seasonal flooding 

(Lambert & Turner, 2000). Site hydrology is especially important when assessing water use 

(Greenwood et al., 1994; Zohar and Schiller, 1998). 

Genotypes to be tested under field conditions are usually taken from provenance or 

family levels. Provenance defines localities or environment of the populations natural 

habitat. Families (within provenance) differentiate between the original mother plants 

where the seeds are collected. In natural plantations, seed from dominant and co-dominant 

mother trees with superior characters such as straightness and diameter are commonly 
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selected from individuals residing a minimum of 100 m apart (Eldridge et al., 1993). A 

minimum of 10 mother trees is suggested to represent a single provenance. The implicit 

assumption is that adaptation to different environmental conditions applies to provenances 

(Eldridge et al., 1993) and different genetic constituents (from mother trees) applies to the 

family.  With regard to salinity tolerance, large variations between provenances and within 

provenances (between and within families) occurs in many Eucalyptus species (Van der 

Moezel et al., 1991; Marcar et al., 2002; Mahmood et al., 2003).  Variability in salt 

tolerance may possibly be due to site specific advantages. Therefore, E. occidentalis field 

trials need to have site replication in order to cover various types of salinity. This would 

allow site x genotype interaction to be revealed, indicating specific advantages of 

genotypes at that site. Performance of trees are invariably assessed by comparing survival 

rates and growth rates (Biddiscombe et al., 1981; Sun and Dickinson, 1995; Stevens et al., 

1998; Zohar and Schiller, 1998;  Benyon et al., 1999; Marcar et al.,  2003). These two traits 

are assessable for E. occidentalis under saline controlled and field conditions. However 

there are other attributes better tested under field conditions that are not assessable under 

controlled conditions, such as root depth, leaf area, water use, plant pests and disease. 
Assessment of salinity levels in the field is essential as plant biomass yield usually 

decreases with increasing salinity. There are usually very large variations in salinity levels 

even within a single trial site.  These levels may also change over time, leading to the 

necessity of salinity assessment at each tree location and often with repetition over time to 

detect temporal changes.  In the field, salinity is a transient condition and variability is an 

inherent component that makes it difficult to use natural saline situations for selecting and 

testing salt tolerance (Blum, 1988). Salt is usually measured by direct assessment in the 

field and the values are calibrated using salinity level of soils samples carried out in a 

laboratory. An electromagnetic induction technique (EM) is commonly used due to its ease 

of use, and is often the quickest way to assess hundreds or thousands of individual tree sites 

in the field. Different EM devices assess to different depths. The EM 38 device (Geonics, 

Mississauga, Canada) can measure up to 1.2 m depth (Hunt and Gilkes, 1992) and is 

commonly used for tree trials in saline areas (Dunn et al., 1994; Sun and Dickinson, 1995; 

Marcar and Crawford, 2004). This equipment works by measuring the electrical current that 

passes through soil and rocks which are electrical insulators. Dissolved salts including 

sodium chloride, increase soil water conductivity.  Ground electrical conductivity will 
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depend on salt distribution, water and soil texture (Hunt and Gilkes, 1992). Calibration 

using soil samples analyzed in the laboratory is required for accurate assessment (Dun et 

al., 1994; Marcar et al., 2000a). Assessment of EM-38 of each tree site and calibration 

using salinity-assessed soil samples should be carried out for E. occidentalis field trials.  

 

2.4   Aspects to enhance material deployments 

2.4.1   Flowering and floral Induction  

Flowering plays an essential role in the breeding cycle. Two issues need to be 

considered; the length of time required for a seedling to reach floral maturity, and the 

induction, length and intensity of the flowering period in adult plants. The juvenile period 

of tree species varies widely from several years to 30-40 years (Thomas and Vince-Prue, 

1984).  Flowering will only occur after the trees have reached maturity and this therefore 

limits the generational period. Flowering and pollination are essential for seed production. 

For insect and bird pollinated plants such as Eucalyptus  pollination will only happen when 

suitable vectors are available (Hopper, 1979). Pollination in seed orchards is most effective 

when the vector population is high and food resources require frequent and regular visits 

between trees (Free and Spencer-Booth, 1964; Sedgley and Griffin, 1989). Pollination rates 

are greatly affected by synchrony of flowering among trees (Gibson et al., 1983; Sedgley 

and Griffin 1989) as this results in flowering abundance, attracting more vectors. Flowering 

synchronies also indirectly affect the genetic constitution of orchard seeds due to the 

genetic contribution of each entry. However variation in flowering phenology and fecundity 

between genotypes often results in seed-set failure (Sedgley and Griffin, 1989). When 

uneven, limited or no flowering occurs, few seed are produced.  These may be pollinated by 

only a limited selection of male parents or may be self-pollinated. This will affect the 

genetic quality as well as the quantity of seed per tree.  In addition, spatial isolation, 

unsynchronized or isolated flowering will also increase the probability of self pollination. 

This can cause inbreeding depression, which is high in forest trees including Eucalyptus 

(Griffin and Cotteril, 1988; Hardner and Potts, 1995) or otherwise lead to seed failure.  

Observation of flowering time between E. occidentalis provenances would provide a 

general overview of synchrony and flowering ability. This would also provide valuable 

information about their chances of mating to support scheduling for controlled crossing or 

for estimating seed harvest from peak pollination periods where more genotypes are 
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flowering. 

The onset of flowering in plants indicates the end of juvenility and commencement of 

maturity (Eldridge et al., 1993). Most annual crop species and herbaceous flowering plants 

are juvenile for several days, weeks or months, whereas most perennials may remain potent 

for decades (Sedgley and Griffin, 1989). A long juvenile period presents a hindrance for 

breeding where a rapid generation time is desirable. Several woody species naturally 

mature after only a few years.  In Eucalyptus, juvenile leaf features including leaf shape, 

colour, waxiness or phyllotoxins change after reaching maturity.  There are exceptions; in 

the case of E. pulverulenta the juvenile leaf habit is retained once flowering has indicated 

maturity (Sedgley and Griffin, 1989). Several Eucalyptus species such as E. deglupta, E. 

tereticornis and E. urophylla, occasionally bear flowers at a very young age, even as young 

as 2-month old nursery seedlings (Eldridge et al., 1993).  Flowers can emerge on E. 

leucoxyclon at 2 years of age and in E. grandis flowering occurs after 2-3 years. In E. 

occidentalis flowering has been observed in less than 1 year under nursery conditions 

(Zohar, 1975).  Differences in the proportion of individuals flowering and fecundity among 

E. occidentalis provenances need to be investigated through observations. 

In a breeding program, the earlier the species reaches the reproductive phase, the 

faster the rate of gain through time. Induction of earlier (precocious) flowering will greatly 

reduce the time between generations. Early promotion of flowering has been successful in 

forest and fruit trees. Techniques include application of cultural or environmental 

treatments including nitrogen application (Jackson and Sweet, 1972; Sedgley and Griffin, 

1989; Owens, 1991).  Lowering of the growing temperature (Moncur, 1998), light 

stimulation (Bolotin, 1975) and application of growth regulators have all induced 

responses.  Stimulation of precocious flowering has been successful through the use of 

growth regulators such as gibberelic acid (GA) for conifers (Pharis and King, 1985; Pharis 

et al., 1987) and paclobutrazol {(2RS,3RS)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1,2,4-

triazol-1-yl)pentan-3-ol} for perennial angiosperms, peaches (Marini, 1986), citrus (Aron et 

al., 1985) and apples (Mauk et al., 1990), including several Eucalyptus species 

(Hetherington and Jones, 1990; Griffin et al., 1993; Moncur and Hasan, 1994; Williams et 

al., 2003).  Commonly, paclobutrazol reduces vegetative growth and leaf size and increases 

leaf chlorophyll content (Wang et al., 1985) and root weight (Curry and Reed, 1989) as 

well as inducing flowering.  In E. nitens, application of paclobutrazol to 2.5 year-old plants 
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reduces the generation time from 8 to 5 years (Moncur, 1998). Combinations paclobutrazol 

and nitrogen fertilizer can stimulate E. nitens to initiate umbels in 2.5 year-old trees. More 

precocious flowering occurs with the combined application of treatments, rather than 

separate treatments (Williams et al., 2003). There is an advantage to the use of these 

combined treatments.  Increased canopy development, which normally follows nitrogen 

fertilisation can be difficult to handle, however this response is suppressed by the 

application of growth retardant paclobutrazol. The resulting canopy is more manageable for 

crossing and seed production. Precocious flowering occurred after paclobutrazol treatment 

in 18 month-old E. nitens seedlings (Hasan, 1993).  Trees at this age typically bear juvenile 

foliage. This separation of juvenile vegetative and reproductive factors indicates separate 

controls, which may be manipulated independently (Hasan, 1993). Environmental 

conditions which promote continuous and rapid growth, such as ideal temperatures, long 

photoperiods, high light intensity, optimal water and nutrition also commonly reduce the 

length of juvenile period (Hackett, 1985). Given this information, application of combined 

treatment with paclobutrazol and a stimulating environment is expected to reduce juvenility 

period and enhance flowering in E. occidentalis.   

Photoperiodic treatment alone can stimulate floral induction in E. occidentalis.  Some 

seedlings of less than 1 year-old E. occidentalis flower abundantly when exposed to long 

days (16 h) and flower even more when seedlings are summer-sown compared to winter-

sown. Although floral initiation can be stimulated in 6 month-old seedlings, not all plants 

initiate flowers (Bolotin, 1975).  There are also differences evident among seed sources. 

Long days (16h) induced 61% of 6 month-old seedlings to initiate flowers after summer 

sowing. Five week-old E. occidentalis seedlings exposed to 16 h photoperiod with a photon 

flux density of 50-100 µmol m-2 s-1, weekly liquid fertilizer, daily irrigation and controlled 

temperature of 25°/20°C day/night were stimulated to flower within 13 weeks (Southerton, 

2005 pers. Comm.). Nevertheless, early flowering is not always evident.  Across the natural 

distribution of E. occidentalis (which typically experiences 13.9 to 14.2 h day light) trees 

usually bear flowers after 3-5 years (Blakely, 1955).  Treatments with plant growth 

regulators such as paclobutrazol, have not been used to induce flowering on E. occidentalis 

and their effect is unknown. A combination of treatments including a plant growth retardant 

such as paclobutrazol combined with long days of 16 h might be useful to stimulate more 

E. occidentalis plants into precocious flowering for breeding purposes.  
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2.4.2 Grafting compatibility   

Asexual reproduction is often adopted in breeding programs to maintain or expand the 

number of plants of a particular genotype (Stoskopf et al., 1993). Improved materials can 

be produced asexually through grafting, cuttings or tissue culture to bridge the process from 

tree improvement to commercial plantation (Howard, 1994). Successful clonal testing will 

be beneficial as the cloned plants possess exactly the same genotype as the mother plant, 

meaning evaluation of particular genotypes may be done directly.  Some Eucalyptus 

species can be cloned successfully through grafting (Venkatesan et al., 1986; Yang et al., 

1996; Moncur, 1998) including E. occidentalis (Harwood et al., 2005).  However, the 

impact of donor / recipient genotype is unknown. Adult trees can be evaluated and so 

ideally scions from these trees would be grafted onto rootstocks.  Eucalyptus occidentalis 

scions taken from a range of different provenances of mature trees from a seed orchard 

could be grafted to a range of provenance rootstocks to test compatibility. 

Scions or buds of certain genotypes grafted onto genetically different rootstocks, is 

commonly applied to enhance disease resistance, productivity or growth habit. This is also 

applied in selection and breeding for salt tolerance (Furr and Ream, 1968; Fernandez-

Ballester et al., 2003). Rootstocks that have better or more salt tolerant root systems are 

selected for scions with superior yield characters.  Grafting has also been used to establish 

clonal orchards from selected elite trees, especially espaliered orchards for controlled 

pollination and seed production purposes. Espaliered orchards are kept at 1-2 m height and 

maintained with intensive management of nutrients, irrigation and pruning for optimized 

incidental light.  This enables high seed yields and convenient, manageable plant heights 

for seed harvest (Moncur and Hasan, 1994). Clonal orchards are isolated from inferior 

genotypes to avoid gene contamination and intensively managed for maximum seed 

production (Eldridge et al., 1993). Following grafting of adult material, superior individuals 

may flower and fruit earlier, advancing breeding by favouring earlier mating for progeny 

testing or seed production. Higher genetic gain could be obtained through the establishment 

of selected clonal orchards compared to using less selected, open pollinated seedling seed 

orchards (Shelbourne, 1992). Grafting requires the formation of a union between two 

different tissues through a wound healing process. The success of this process depends on a 

range of factors including species, genetic/taxonomic distance, age, method of grafting, 
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technique and maintenance, hygiene and season. Compatibility between scion and rootstock 

requires healthy cambium, stimulation of meristematic activity to form callus, and active 

parenchyma cells to bind the cambial cells between rootstock and scion. New cambium 

cells are formed 2-3 weeks after grafting. This new cambium functions as a bridge for 

inward xylem and outward phloem formation (Jackson, 2003). New xylem tissue mostly 

comes from the scion rather than the stock tissue (Yeager, 1944). Rootstocks and scions 

must be genetically compatible and if these processes routinely fail, the grafts may be 

deemed incompatible. Incompatible grafts may have union failure at an early stage, and 

show poor growth with yellowing leaves or subsequent death.  The union may even break 

after growing for many years. A clean and smooth break is a characteristic of 

incompatibility (Jackson, 2003). Grafting compatibility between rootstock and scion is a 

major concern. The compatibility between E. occidentalis provenances should be examined 

for successful union development, so as to aid clonal seed orchard development.  

Incompatibility is often associated with genetic differences between rootstock and 

scion (Hartmann et al., 1990).  This incompatibility might also exist in E. occidentalis. 

Grafting is used to avoid production loss due to salinity from of high-yielding scion 

genotypes in several crops like soybean, tomatoes and woody species, such as grapevine 

and citrus (Läuchli, 1984; Bañuls and Primo-Millo, 1995; Fisarakis et al., 2001; Fernandez-

Ballester et al., 2003; Moya et al., 2003; Estañ et al., 2004). Variation in salt tolerance 

exists between provenances in E. occidentalis (Zohar, 1982; Van der Moezel et al., 1991) 

so there is a need to test a range of provenances for grafting compatibility. For E. 

occidentalis scions from several provenances should be combined with a range of 

provenance rootstocks.   

 

2.4.3  Clones versus seedlings  

Plant materials can be cloned using a number of vegetative propagation techniques. 

Cloning is believed to fully capture genetic potential of parental genotypes, hence an 

increasing gain can be obtained.  In Eucalyptus, unimproved seedlings produce m3/ha/yr in 

volume but it became double to 70 m3/ha/yr by using cuttings from selected individuals. 

This is due to non-additive variance in growth that is best captured through vegetative 

propagation (Zobel, 1993). However the level of gain through clones is determined by 

selection intensity of genetic materials. Seed orchard from best 5 clones in pines produces 
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20% of expected gain, while second,  third best clones and the residual clones  produces 

15%, 10% and 5% of gains respectively (Balocchi, 1996). Rooted cuttings and tissue 

cultures are two broad vegetative propagation techniques. Clonal lines of Eucalyptus 

species and hybrids from selected mother plants growing in saline and waterlogged sites 

can be used for commercial production (Morris, 1995; Marcar and Crawford, 2004). 

Vegetative propagation also allows for cloning for further field testing of elite materials 

(Morris, 1995). When tissue culture is not possible, the ability to produce cuttings is 

beneficial for breeding, development of clonal orchards and for mass material deployment 

for clonal forestry, such as in Aracruz Brazil (Eldridrge et al., 1994). High quality seeds 

from controlled crosses are usually only available in small quantities and these could also 

be bulked by cloning (Lambert and Turner, 2000) for deployment. Selected salt tolerant E. 

camaldulensis clones were shown to grow better than average seedlings under saline 

conditions (Morris, 1995, Marcar and Crawford, 2004).  Selected controlled crosses 

between clones of salt-tolerant provenances have further improved tolerance over the 

original clonal genotypes (Niknam and McComb, 2000).  Compared to provenance-

matched seedling lines of the same species, clones of selected salt tolerant E. 

camaldulensis, E. spathulata subsp. spathulata, Casuarina obesa and C. glauca survive, 

grow and tolerate salt and waterlogged condition better both in glass house and field trials 

(Bell et al., 1994). Tissue cultured clones taken from mature salt tolerant E. camadulensis 

trees perform well when planted in dry and waterlogged saline conditions (Morris, 1995). 

This suggests that similar or higher performance of E. occidentalis clones than seedlings 

under saline conditions may be achievable, and should be tested.  

One major difference between seedlings and cuttings is their genetic makeup. 

Seedlings have half of their genes from each parent while cuttings have the same genes as 

their mother plant. Differences that arise from the propagation process mean that clonal 

plants are not always as good as their mother plants, or equivalent seedlings (Zobel, 1992). 

However, inconsistency in performance between cuttings and seedlings may be due to 

difficulties in isolating the variation from propagation methods from genetic sources (Sasse 

and Sands, 1997). Another essential difference between seedlings derived from plant seeds 

and cuttings from vegetative propagation is their root system (Hartmann et al., 1990).  This 

may greatly affect growth (Foster et al., 1987; Kageyama and Kikuti, 1989).  The primary 

radicle emerging from the embryo is destined to give rise to a root and form a root system 
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consisting of a tap root which later forms lateral roots (Fahn, 1990). Whereas in cuttings, 

adventitious roots appear from tissues of mature roots or other locations on the plant body, 

including stems and leaves and particularly from the callus (Fahn, 1990). Clones produce 

numerous adventitious roots as opposed to dominant tap roots found in seedlings (Bell et 

al., 1994). Therefore, comparison of performance between E. occidentalis seedling and 

cuttings needs to be examined under salt and/or waterlogging conditions. 

Cuttings have been used for establishing plantations of Eucalyptus (Eldridge et 

al.,1993). After the first success in producing rooted cuttings in Canberra and North Africa 

in the 1950’s and Papua New Guinea in 1967, many trials have been carried out using 

cuttings for clonal plantations. Impressive programs throughout the world were successful 

in producing cutting-derived plantations in Aracruz, Brazil and Pointe Noire, Congo in the 

1980’s. Subsequently, more than one million cuttings of E grandis were produced annually 

in South Africa in the mid 1980s and thousands of cuttings of E. camaldulensis and E. 

tereticornis were raised for fuel wood plantations in Nepal in 1986 (Eldridge et al., 1993). 

By 1984, more than 15,000 ha of pulpwood plantations from cuttings were established in 

Congo. Clonal  hybrids of several Eucalyptus species have substantially improved yield 

with a growth rate of 30 - 35 m3/ha/year  which exceeds the 12 m3/ha/year  of  E. 

tereticornis and 20 m3/ha/year of E. urophylla and E. cloeziana (Bouvet and Delwaulle, 

1983 in Eldridge et al., 1993). By 1990, 50 million rooted cuttings of E. grandis x 

urophylla were raised annually in Ararcruz. At 6 years of age, the predicted volume of E. 

globulus clonal plantation is double that of seed derived from an open-pollinated orchard 

(Arnold et al., 1991). In E. occidentalis, Harwood et al., (2005) found successful strike 

rates of 80 to90% with tip cuttings.  This is highly promising for clonal forestry, but again 

variation across the species should be examined. 

Tolerance mechanisms of grafted, cutting-propagated or seedling plants for salt and/or 

waterlogging may vary with propagation method rather than just genotype. Under 

waterlogging pressure, the production of adventitious roots in clonal E. camaldulensis 

(Farrell et al., 1996) influences production of leaves and roots and, in turn plant growth. 

Adventitious roots provide a means for plants to withstand inundation while increasing 

absorption of water.  They oxidize the rhizosphere and increase gibberellin and cytokinin 

concentrations (Kozlowski, 1977). Root architecture greatly determines the uptake of 

ground water (Benyon et al., 2001). While under saline conditions, plants can survive and 
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grow by taking up water while excluding salt. Salt exclusion carried out by roots is crucial 

to avoid accumulation elsewhere in the plant. Water and solutes move across roots through 

the apoplastic pathway (outside the plasma membranes) and then via the symplastic 

pathways (through plasma membranes) to the shoots. When roots are damaged or injured 

by pathogens, control of NaCl uptake declines and aploplasmic flow increases, which 

increases foliar solutes (Yeo et al., 1987).  Salt load on the plant is transpiration-induced 

(Blum, 1988).  Differences in the salt tolerance of fruit trees are often related to the specific 

salt exclusion features of roots.  Reduced NaCl concentration of some salt-tolerant 

genotypes may simply be due to a smaller root system, particularly in short term 

experiments (Blum, 1988).  Hence it is important the experiments testing root length be 

considered. In citrus, fibrous roots provide a large surface area for taking up water and 

nutrients, as well as exclude salt.  This could be due to the sheer quantity of roots in the 

soil, which may be as high as 50 km/m3. This character is higher in woody perennials such 

as grapevines (250 km/m3). Roots of citrus trees develop a prominent hypodermis with a 

thick wall below the epidermis. Hypodermal cells are parallel to the root surface, lignified 

and the inner and radial walls are suberised, providing an important barrier for salt and 

water movement into the roots (Storey and Walker, 1987). Some citrus species have roots 

with a transpirational bypass through the apoplasm which can be influenced by Na+ and Cl- 

foliar accumulation. Salt sensitive Etrog citron (Citrus medica) increases foliar Na+ and Cl- 

under fast transpiration (low humidity) but the salt resistant rootstock, Rangpur lime, has 

little bypass flow (Storey, 1995). This suggests the genetic and anatomical make-up of 

roots can be important for determining salt tolerance mechanisms. 

 

2.5  Accelerated breeding to improve gain 

2.5.1 Genetic distance  

The genetic variation of a species may be increased by random mutations and eroded 

by selection and drift. Response to selection pressure depends on the existence of this 

genetic variation. Lack of variation results in a loss of adaptive capacity to environmental 

disturbance.  This may result in eventual extinction of the species (Lowe et al., 2004). 

There are three main components to genetic variation; genetic diversity (the amount of 

genetic variation), genetic differentiation (distribution among populations) and genetic 

distance between pairs of populations or individuals (Lowe et al., 2004). Genetic diversity 
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can be described as allelic presence at variable loci in different individuals, or different 

alleles at a given locus. Allelic differences may change across the distribution range or be 

partitioned with some provenances possessing certain alleles that others lack. 

Selected germplasm of Eucalyptus occidentalis will provide superior material for 

plantations in saline areas. If seeds are the preferred form for germplasm deployment, seed 

productivity is essential. Good quality seed is heavily dependent upon the genetic 

relationships between parents. Closely related parents should to be avoided because they 

may limit the genetic integrity and survival of future plantations due to inbreeding 

depression. Inbreeding depression occurs when closely related individuals are mated, 

resulting in increased proportions of deleterious recessive genes.  High levels of 

homozygosity effectively narrows the genetic diversity of future populations (Balint, 1976). 

Inbreeding depression occurs in Eucalyptus and has been shown to affect offspring 

performance due to deleterious impacts on seed yield, height, basal area, circumference at 

breast height, wood density and volume (Griffin and Cotteril, 1988; Hardner and Tibbits, 

1998; Hardner and Potts, 1995). Each species differs in the level of inbreeding sensitivity. 

Some examples are the effect of inbreeding on carrot (Daucus sp.) and onion (Allium sp.). 

Inbreeding was evident after the third generation for carrot, while leek had substantial 

inbreeding depression in the first generation and more in the second generation (Dorsman, 

1976). The proportion of inbreeding depression at each generation was revealed by the 

percentage of abnormal or dead individuals. Estimating the degree of inbreeding in 

Eucalyptus is approached by examining their reproduction, particularly selfing (Eldridge et 

al., 1993). With selfing, or the crossing of closely related parents, seeds may not be 

produced or may be produced but struggle to germinate or develop due to a genetic 

abnormality. Abnormal development or fatality might be expressed in later stages of the 

plant life cycle or in very young seedlings. Plants with high out-crossing rates indicate a 

preference of crossing with unrelated individuals, and generally have weak offspring after 

selfing.   In general, estimates of out-crossing rates in Eucalyptus are 0.6-0.9.   

Knowledge of the genetic distance among genotypes of the breeding population can 

be used to avoid inbreeding depression.  Genetic distance is a measure of genetic similarity 

and evolutionary relationships between races, populations (provenances or families) or 

individuals. This assessment is based on the variation and frequency of a number of alleles 

on genes which can be easily detected and scored. Originally it was devised as a means to 
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estimate the degree of genetic differentiation between populations.  Nei (1987) defined it as 

the extent of genetic differences between population or species, and measured by some 

numerical quantity (at the sequence level or the allele frequency level that is calculated 

between individuals, populations or species). The simplest way to estimate the genetic 

distance is by calculating the proportion of shared alleles (Bowcock et al., 1994). When 

using microsatellite data, the method for estimating genetic distance is by applying the 

stepwise mutation model (SMM) (Goldstein et al., 1995; Liu and Muse, 2005).   

The number of improved genotypes available as parents for the subsequent generation 

is limited after a round of selection.  Therefore, the relatedness of individuals must be 

monitored before carrying out further crosses (Suslow et al., 2002). In addition, 

geographical distance between a pair of parents for crossing is an essential consideration 

because superiority (heterosis) is often produced from distant genotypes or species 

(Borojević, 1990). Today with greater access to molecular genetic techniques, genetic 

diversity is more useful for selecting parents than geographical distance alone. Genetic 

diversity within species varies but generally species with wider distributions tend to have 

greater variation than those with a more limited distribution (Eldridge et al., 1993).  

Selection of salt-tolerant E. occidentalis genotypes may reduce genetic diversity, therefore 

molecular investigation of the selected E. occidentalis genotypes is essential. 

Genetic diversity between natural populations of E. occidentalis has been revealed by 

RFLP analysis (Elliot and Byrne, 2003).  A similar proportion of common and rare alleles 

was found to exist, along with a moderate level genetic diversity (HT =0.373). This is lower 

than other widespread Eucalyptus species such as E. kochii (HT = 0.514) (Byrne, 1999), E. 

loxophleba (HT = 0.418) (Hines and Byrne, 2001) and E. camaldulensis (HT = 0.53) 

(Butcher et al., 2002).  This might be related to the smaller natural geographical range of E. 

occidentalis compared to these other species, which are considerably more widespread. 

There is little inbreeding apparent within E. occidentalis populations (coefficient of 

inbreeding = 0.088) while the majority of variation exists within populations (95%) (Elliot 

and Byrne, 2003). The population centre at Chester Pass has the highest allelic diversity 

while the lowest exists in the two eastern populations, Cape Le Grand and Mt Ragged. 

There appears to be a trend indicating western populations are more diverse than eastern 

populations. An estimate of genetic distance between pair-wise populations is low (0.067) 

with the highest distance between Cape Le Grand and Mt Ragged and the lowest between 
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Truslove and Young River (0.0056). Among E. occidentalis populations, there is little 

differentiation indicating no particular structure. The exceptions are the two eastern 

populations of Cape Le Grande and Mt Ragged that have differentiation from each other 

and are differentiated from all other populations. 

Microsatellites or SSRs are very good for estimating genetic distance (Murray, 1996; 

Scribner and Pearce, 2000). They have been used to study the genetic distance in maize and 

melon (Reif et al., 2003; José et al., 2005), genetic diversity in wheat (Plaschke et al., 

1995), Acacia mearnsii (Searle et al., 2000,) and gene flow in E. grandis (Chaix et al., 

2003). Microsatellites have many advantages over other marker systems, including RAPD, 

RFLP, AFLP and allozymes.  They provide more information through the detection of 

higher polymorphism per locus, and offer high reproducibility and resolution of genetic 

differences (Mueller and Wolfenbarger, 1999; Förster et al., 1999). Microsatellite or simple 

sequence repeat polymorphisms represent a substantial portion of higher eukaryote 

genomes, and have been used to make significant progress in human genetics as well as 

mammalian and plant breeding (Powell et al., 1996). These markers were first analysed in 

mammalian genotypes which have the most frequently occurring repeat sequence of 

(CA/TG)l (Powell et al., 1996).  In plants, DNA sequence database searches indicate 

microsatellites, (A)n and (AT)n, as the most prevalent repeat motif followed by (GA/TC)n 

(Lagercrantz et al., 1993; Morgente and Olivieri, 1993). Markers for this technique are 

abundant, often transferable within species, are co-dominant, allow a high degree of 

automation and require little DNA for PCR amplification. These characters enable them to 

be used to differentiate closely related individuals. Microsatellites are widely scattered in 

chromosomes and are located at many different loci. They may be in dinucleotides (AC)n, 

(AG),n, (AT)n, trinucleotides (TCT)n, (TTG)n, tetranucleotides (TATG)n or larger 

configurations, where n is the number of repeating units in the locus (Jones et al., 1997). In 

order to develop simple sequence repeat (SSR) markers, a genomic library is screened for 

SSR repeats or microsatellite sequences. Polymorphism of these markers are revealed by 

PCR amplification using two unique primers (forward and reverse) composed of short 

lengths of nucleotides which flank and hence define the microsatellite locus. Microsatellite 

primers with 20-30 bases hybridize to the opposite strands of the target DNA at specific 

locations. The polymerase chain reaction (PCR) enables million-fold copies of the target 

DNA fragment to be produced, while the product can be viewed as bands on an 
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electrophoresis gel or in graphic form through capillary separation.  

After microsatellites markers were developed in E. nitens, E. grandis and E. 

urophylla (Byrne et al., 1996; Brondani et al., 1998) more species including E. sieberi, and 

E. globulus were screened for potential microsatellite primers (Steane et al., 2001; Glaubitz 

et al., 2001). Out-crossing rates of E. occidentalis seed orchards have also been determined 

using microsatellites (Byrne, 2004).  These results showed similarly high out-crossing 

rates, with direct estimation by statistics and molecular markers of 0.92 and 0.89 

respectively. With the use of microsatellites to assess out-crossing rates in E. occidentalis, 

microsatellite polymorphisms should be suitable for examining genetic diversity. 

 

 

2.5.2 Controlled crosses  

The main objective in performing distantly-unlike genotypes for crossing in a 

breeding program is to produce a large number of gene combinations from both parents. 

When selecting parents for crossing, the genetic and geographical distance between 

parental pairs needs to be considered. This concept is particularly useful in crop breeding, 

as germ-plasm is frequently exchanged worldwide (Borojević, 1990). The practice of 

distantly-unlike genotypes crossing for insect and disease resistance has been very 

successful, usually through backcrossing introgression and selection to maintain key 

characters.  Such traits may be controlled by one gene.  Salt resistance is different as it is 

regulated by many genes, and there are no conveniently recognisable genes to select for. 

The approach is to select for particular traits which are associated with salt tolerance 

(Nieman and Shannon, 1976; Flowers and Yeo 1997). These traits are likely to be 

determined by many genes, meaning limited benefit may be realised through with wide 

crossing except if the traits can be clearly identified within genotypes.  High ion 

accumulation in the shoots particularly older leaves is commonly used to differentiate 

sensitive genotypes from more tolerant ones which have lower concentration (Munns, 

2002). Different species might have different mechanisms that contribute to salt tolerance, 

these include sequestering ions in roots and stems, compartmentalization of ions in 

vacuoles and synthesis of organic solutes.  Physiological traits that determine ion 

concentration are very complex and most likely they are influenced by many other 

processes such as transport across the root, membrane barriers, movement to the shoot, 
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transpiration and the regulation of all such mechanisms (Flowers and Yeo, 1997). When 

comparing controlled conditions and field trials, comparable traits for tolerance such as 

survival and growth (which are especially easy and cheap to apply for thousands of 

accessions in field trials) need to be applied.  This may be the approach needed for E. 

occidentalis improvement. 

Conventional breeding for complex traits such as salinity tolerance and high biomass 

yield may not be efficient.  Physiological parameters may be required to simplify the 

procedures (Blum, 1988). This required the use of controlled stress treatments to ensure 

uniformity and precision of stress levels to assess physiological responses. While in general 

field conditions, phenotypic performance, particularly survival, growth and sometimes leaf 

retention are common selection parameters.  These traits have been widely used to assess 

individuals exposed to saline states under controlled environments as well as field trials 

(Pepper and Craig, 1986; van der Moezel et al., 1991; Benyon et al., 1999; Marcar et al., 

2000b).  Other less commonly used parameters for tree selection are leaf sodium and 

chloride concentrations, photosynthetic rates, stomatal conductance, transpiration rates, 

relative water use and crown volume (Niknam and McComb, 2000).  If a reasonable level 

of variation and heritability of these traits are identified, selection could lead to subsequent 

populations with higher salt tolerance (Flowers and Yeo, 1997). Genetic variation in growth 

characteristics under controlled conditions is expected to be evident E. occidentalis. Where 

high heritability and consistency is obtained, these traits should be suitable for assessment 

under salt and/or waterlogging conditions.  

It is common in breeding programs to conduct wide crosses, such as between tolerant 

and sensitive varieties, or even inter-species, with the aim of enhancing tolerance of the 

hybrid (Flowers and Yeo, 1997). Wide crossings between high and low-tolerant individuals 

with wider genetic distances are presumed to be advantageous due to heterosis or hybrid 

vigour.  These hybrids tend perform better compared with the mid-values from both parents 

(Eldrigde et al., 1994). Limited crossings have been carried out between tree species for 

salt tolerance. Different provenances or families within species are more commonly being 

used for this purpose. Open and controlled pollinations have been examined in Eucalyptus 

to observe the tolerance of the offspring. Seedlings of E. camaldulensis from inter-

provenance crosses of salt tolerant clones have average or higher salt tolerance compared to 

original clonal genotypes (Bell et al., 1994; Meddings et al., 2001).  Inter-crossings 
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between salt tolerant ‘Rangpur’ with ‘Rubidoux’ trifoliate orange produce a wide range of 

degrees of tolerance (Furr et al., 1963; Furr and Ream, 1968). Thus, wide crossings may 

provide a possibility to produce better salt-tolerant offspring. For E. occidentalis, improved 

offspring from these wide crossings may provide beneficial materials for large scale 

plantations in saline areas.  

Controlled crossing in Eucalyptus has been widely utilized to produce interspecific 

hybrids, such as E. grandis x E. urophylla at Aracruz Brazil and E. grandis x E.  

tereticornis at Pointe Noire Congo.  Timber production characteristics resulting from these 

combinations are available which were previously unobtainable from either parent species 

(Eldridge et al., 1993).  Inter-species crosses also benefited by the floriculture and cut stem 

sector of ornamental horticulture with favoured characters (Sedgley and Delaporte, 2004). 

However to conduct mass production from controlled crossing for tree species is tedious 

and labour intensive.  Crossing requires a large number of flowers and the processes of 

emasculation, spiral wiring, bagging and debagging to avoid contamination can be 

prohibitively expensive.  Three visits are needed to carry out this crossing procedure; 1) 

emasculation (removing male organs) and bagging flowers at lifted operculum (just before 

flowers open), 2)  pollination  or pollen application at maximum stigma receptivity (the 

next 2-6 days) and 3) removing the bag 2-4 weeks after pollination. Unlike conventional 

crossing, the Eucalyptus ‘one-stop pollination technique’ by Harbard et al. (1999) has the 

advantage of only requiring one visit instead of three. In a single visit, all activities are 

carried out once.  Emasculation is followed by pollen application on the stylus tip or 

stigma.  Plastic tube (18 µm) is inserted onto the stylus to avoid further pollen 

contamination (Barbour, 1997). Williams et al. (1999) added a further step where the stylus 

tip at lifted operculum stage, was cut.  Exudates from this cut help the pollen to stick 

properly. Pollen stays viable for several days to weeks and germinates at full stigma 

receptivity (Pryor, 1976). This treatment produces higher seed numbers and consistent seed 

quality compared to untreated dry stigmas or open-pollinated stigmas. A protective shield is 

formed from the oxidized wound avoiding pollen contamination (Cauvin, 1988). With this 

technique most available flowers can be utilized for crossing (Williams et al., 1999). This 

technique applied to E. occidentalis is expected to produce higher seed numbers and utilize 

most available flowers. 

Eucalyptus occidentalis generally produces flowers in autumn and winter and reaches 
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anthesis over summer and into autumn (Chippendale, 1973; Marcar et al., 1995).   

Occasionally, unseasonal flowering events are observed with numerous flowers appearing 

throughout the year. Eucalyptus occidentalis floral umbels are axillary and have 3-7 white 

flowers. Flowers have a bell-shaped calyx 7-9 mm long, hidden by a cylindrical operculum 

prior to blossom.  The anther filaments are erect and remain unkinked in the bud (Gardner, 

1987). Anther dehiscence occurs prior to shedding the operculum; usually one day after the 

operculum starts to lift. At this stage, anthers are still tightly grouped in a bundle 4-5 mm 

across, but later expand to 15-17 mm upon shedding the operculum.  At full bloom anthers 

span 25 mm, and retain this for 1-2 days during which the stigma becomes fully receptive.  

At necrosis the anthers may reach 35 mm across.   

Insects and birds are pollination vectors for this species (Hopper, 1979).  It takes 

approximately 16 months to reach seed maturity from floral initiation with the mature 

capsules being retained for several months on the branches (Zohar, 1975). Eucalyptus 

occidentalis may yield up to 200,000 viable seeds per kg (Harwood et al., 2001). 

Controlled crossing using one-stop pollination technique with flowers from young E. 

occidentalis parents with different parental genetic distance, are expected to produce useful 

seeds for progeny testing under salt and/or waterlogging conditions.  

 

2. 5. 3 Progeny test 

Selection of parents based on their progeny is sometimes called ‘backward selection’ 

while selection of the best individuals of the progenies for the next generation is called 

‘forward selection’ (Eldridge et al., 1993). Estimation of an individuals’ performance might 

be important as the best first guess, but reliability is improved by examining their offspring 

performance. Progeny testing to evaluate parents with partial or full identity seeks to 

estimate breeding values and other important genetic parameters (Eldridge et al., 1993). 

Information is commonly derived from their own and their offspring’s performance.  

Progeny testing applied to Eucalyptus uses seeds from natural (open pollination) or 

artificial (controlled pollination) mating of parents.  Open pollination for forest tree 

breeding is less costly, is simpler and works for large numbers of breeding trees. Controlled 

pollination is more tedious and costly. It also spends much time especially when time span 

from flower initiation to seed harvesting need 16 months such as in E. occidentalis (Zohar 

1975). However, artificial crossing provides specific genetic information on both parents.  
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An individual possesses 50% of its genes in common with progeny and 25% in common 

with half-sibs (Bourdon, 1977). The progeny test, used by breeders to improve crops since 

the 1930s, needs solid statistical principles to reduce error. Whenever heritability is high, an 

individual’s performance might be a good indicator of breeding values, as heritability 

indicates a strong relationship between phenotype and breeding value. As heritability 

increases, the accuracy of breeding value prediction will increase. More progeny will give 

greater accuracy and a narrower confidence range, even if heritability is low. Thus an 

individuals’ breeding value will be better indicated with a large number of progeny.  The 

offspring obtained from E. occidentalis crossings in this study will influence the reliability 

of calculated heritability values.  Where heritability values are low (~0.1), high accuracy 

will only be achieved with a minimum of 100 progeny (Bourdon, 1977). If progeny 

produced from E. occidentalis crossing is considerably less, say 20, heritability estimates 

will be poor. Only parents that have desirable progeny performance will be kept for further 

breeding. In E. occidentalis, progeny testing can be used to estimate heritability values of 

traits and to compare offspring between divergent crosses, such as low x low, low x high 

and high x high salt tolerance. If the number of offspring from crossings is low, estimation 

of heritability values to estimate breeding values will refer to ANOVA-REML-based 

heritability generated from salt and / or waterlogging parental screening that have more 

individuals to assess rather than calculating parent-offspring regression from poor crossing 

results. 

With quantitative inheritance for salt tolerance that evidence in some species 

(Amzallag, 1994; Niknam and McComb, 2000), selected plus individuals, when mated with 

each other are generally expected to have a better increase in mean tolerance values 

(Lambert and Turner, 2000). In the case of salinity tolerance by means of Cl- exclusion, 

crossings among resistant, moderately resistant and susceptible Citrus plants indicated 

quantitative inheritance.  Grapevine salt tolerance is also quantitatively inherited. 

Quantitative traits are measurable traits with a continuous range of values from small 

through to large. They are described using statistical terms such as mean, deviation and 

coefficient of variation (Blum, 1988) with basic mathematical models representing how 

phenotypic performance is affected by genetic and environment (Bourdon, 1977). 

Progenies in Citrus segregate widely in their ability to restrict Cl- and Na+ in shoot tissues. 

The exclusion of both ions indicates continuous characters and independence from each 
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other. Selected Citrus x Poncirus hybrids outperform their parents after grafting and growth 

in saline plots (Sykes, 1992). Heritable traits, such as greater leaf mass proportion, 

abundance in fibrous root production and superiority of tissue tolerance in fibrous roots to 

high Na+ concentration were present in the F1 of Citrus (Tozlu et al., 2002). Cl- exclusion 

in grapevine is also a polygenic inherited trait. Calculation of heritability from parent-

offspring regression from E. occidentalis progeny testing should be carried out for growth 

(height and relative growth) and for final leaf proportion. This is expected to yield general 

trends of trait inheritance confirming the heritability of traits from ANOVA-REMLs in 

parental salt and/or waterlogging screening. 

 

2. 6  Conclusion and hypotheses 

Eucalyptus occidentalis, is naturally distributed throughout south-west Western 

Australia and is recognized as being highly salt and waterlogging tolerant.  This species 

may help ameliorate the problem of dryland salinity in south-west Western Australia, 

especially in discharge areas.  This  review has demonstrated the high salt and waterlogging 

tolerance of this species under controlled and field conditions, but nearly all previous 

research studies used only very limited genotypes. This dissertation consists of three main 

areas and is arranged three chapters; development of screening methods for E. occidentalis 

which will enable identification of the best performers for breeding under salt and 

waterlogged conditions, to provide suitable systems for  germplasm deployment, and to 

maintain a high level of genetic diversity in the breeding population.  

This thesis investigates several hypotheses relating to breeding for salt tolerance in E. 

occidentalis. 

Due to provenance variation in terms of growth and salt and/or waterlogging 

tolerance (Zohar, 1982; Van der Moezel et al., 1991; Harwood et al., 2001; Marcar et al., 

2003) screening of sufficient individuals covering the genetic variability of the species is 

essential for genetic improvement. Chapter 3 consists of an investigation into screening of 

provenances at lower and higher salt concentrations (Chapters 3A and B respectively). It 

examines the genetic variation and inheritance of traits and genotype consistency under 

controlled conditions and field trials, and the diversity present after selections. These 

chapters address two hypotheses: 

 

                                                                                                                                                    
 



Chapter 2                                                                                                                                                                      Literature Review 
__________________________________________________________________________________________________________ 

                                                                                                                                           46 

Hypothesis 1:  Genetic differences in tolerance to salt stress are expressed at high salt 

concentrations but not at low concentrations 

 

Hypothesis 2: Variation exists between genotypes and some Eucalyptus occidentalis 

populations are better than others at surviving salt and/or waterlogged conditions. 

Therefore, salt  tolerance is inherited  

 

Genetically controlled traits can be targeted for genetic improvement. Deployment of 

selected individuals with the best genetic expression can then be determined by the 

availability of sexual and asexual systems for propagating these selected genotypes. 

Chapter 4 explores the effect of artificial stimulation to enhance flowering and seed 

production, and the possibility of asexual propagation to support material deployment. 

 

Hypothesis 3: Whilst long-day treatment is known to stimulate flowering in E. occidentalis, 

paclobutrazol has not been explored and the combined treatment has not been examined in 

any eucalypts. Variation is expected in the ability to propagate E. occidentalis through both 

asexual and sexual means.  

 

Selected Eucalyptus occidentalis are expected show superior tolerance of saline 

conditions. The selection process may reduce genetic diversity, therefore a molecular 

investigation of selected E. occidentalis genotypes is essential. Security against inbreeding 

depression from crossing related parents needs to be considered due to a possible decline in 

offspring performance through competition or lethal effects (Eldridge et al., 1993).  

Chapter 5 investigates genetic diversity among selected plants, and evaluates performance 

of progeny resulting from crosses between low x low, low x high and high x high salt 

tolerant individuals under salt-waterlogging treatment. 

 

Hypothesis 4:  Maintenance of genetic diversity is critical for a breeding population. 

There is no current knowledge of genetic diversity within E. occidentalis and it is needed to 

be identified for the selected parent population. Salt selection is intensive as it kills many 

plants and therefore diversity maintenance within the remaining genotypes and their 

progeny needs to be confirmed. 
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Chapter  3 

Selected genotypes from 25 Eucalyptus occidentalis provenances were taller 
under high salt-waterlogged conditions and in field trials and selection had little 

impact on diversity 

 
Abstract 
 

Twenty five Eucalyptus occidentalis provenances were screened under 
controlled salt (300 mM NaCl) and waterlogged conditions. From these results, 9 
representative provenances were selected and re-screened with higher saline 
conditions (up to 550 mM NaCl) and waterlogging. These were studied concurrently 
in the field; 94 families of 23 provenances were planted in highly saline sites.    

Genotype differences were revealed under high salt suggesting that this level 
was suitable for screening highly salt tolerant E. occidentalis. Quantitative trait 
diversity remained similar between the 25 original and the 9 selected provenances 
under 300 mM salt, as well as between the 9 provenances under 300 and 550mM 
salt. In contrast, field evaluations showed that diversity was skewed and towards 
taller plants which survived better from age 9 to 33 months. 

Two provenances, Red Lake Siding and Grass Patch (which were the best 
performers) shifted the population mean, retained high diversity and should be 
investigated further at family and individual levels. 

 
Keywords: Eucalyptus occidentalis, salt tolerance, diversity, tree 
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3.1 Introduction  

In breeding programs, a broad genetic base is essential in order to obtain 

substantial improvement.  Accessions covering the natural distribution of the species 

in question are sought for selection (Eldridge et al., 1993; Lambert and Turner, 

2000). This way all of the variation available within the species is included,  

maximizing gains from the highest, and the lowest ranked genotypes for particular 

characters. Selection of high performing genotypes needs to be carried out with 

consideration of their final number and diversity. Narrowing the genetic diversity of 

retained genotypes, especially in tree species such as Eucalyptus, risks inbreeding 

depression and should be avoided (Eldridge et al., 1993; Hardner and Potts, 1995).  

A balance is therefore required between desired gain and retained diversity (Zobel 

and Talbert, 1984). Assessment must consider variation in terms of phenotypic 

diversity and genetic diversity. 

Testing for tree improvement for use in saline reclamation is best carried out in 

field environments similar to where trees will eventually be planted (Morris and 

Thomson, 1983; Lambert and Turner, 2000).  They should ideally have similar 

climatic and edaphic conditions (Morris and Thomson, 1983). However in breeding 

for resistance and/or tolerance, testing under controlled environments is also 

recommended to provide known levels of stress (Blum, 1988; Timmis, 1976; 

Menzies et al., 1987; Shannon, 1997). Controlled environments provide the uniform 

conditions necessary to reveal genetic differences between genotypes (William et al., 

2002). In the field it is difficult to determine genetic differences due to 

environmental and plot variation, especially with such variables as waterlogging and 

salinity which can differ substantially across a site. Edaphic effects in trial sites are 

considerably greater than climatic effects (Zobel and Talbert, 1984) so controlled 

testing is an essential complement to field testing to assess genotypes for tolerance to 

salt and/or waterlogging conditions. 

To accommodate the logistical difficulties associated with controlled 

environment testing, assessments for salt and waterlogging tolerance in a species at 

any given time are initiated by screening representative individuals at provenance 

level. Differentiation of salt and/or waterlogging tolerance within a species is often 

seen between provenances (Van der Moezel et al., 1991; Marcar and Crawford, 

2004). Provenances are commonly assumed to be adapted to a particular 

environment from exposure and selection over their evolutionary history (Marcar and 

Crawford, 2004). Inevitably there will be fewer provenances than families to be 
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tested. It is beneficial to examine differences between provenances and accommodate 

any limitations for testing under controlled conditions before examining this in 

greater detail for higher resolution of genetic differences at family level.  

The level of stress applied to differentiate genotypes determines the success of 

obtaining improved genotypes (Blum, 1988). Medium salt stress may reduce plant 

growth, but this is recoverable.  Growth is presumed to be affected by signals sent by 

roots when they first encounter water stress. This generally causes little or no 

differentiation between genotypes (Munns, 2002). Screening for salt tolerance to 

differentiate genotypes requires much higher salt stress to generate sufficiently 

different growth responses due to internal coping responses (Munns, 2002).  For crop 

species, salt levels of 100-150 mM often causes fatality, but for tree species there can 

be considerable tolerance at 300 mM and some tolerance to 500 mM salt (Marcar, 

1989; Munns, 2002). Variation in performance of particular species needs to be 

examined in a step-wise fashion commencing at low salt levels before increasing to 

high salt levels.  

At each salt concentration, a combination of salt and waterlogging generates a 

more severe stress than salt without inundation (Van der Moezel et al., 1988; Marcar, 

1993; Barrett-Lennard, 2003). Waterlogging under saline situations increases sodium 

and chloride levels in the plant shoot and severely affects plant survival and growth 

(Barret-Lennard, 2003). In Eucalyptus globulus combined waterlogging and salt (100 

mol m-3 NaCl) increases Na+ concentrations in shoots by 2.3 times and Cl- by 1.8 

times.  In the case of E. camaldulensis, at 400 mol m-3 NaCl Na+ increases by 5 times 

and Cl- by 4 times in leaves, compared with dry salt conditions (Van der Moezel et 

al., 1988; Marcar, 1993; Barret-Lennard, 2003). Further, seasonal waterlogging is 

common in saline fields therefore combined treatments are necessary for testing 

(Biddiscombe et al., 1985).   

Eucalyptus occidentalis Endl. (flat-topped yate), is a tall timber species from 

south-west Western Australia. It reaches 10-20 m in height with diameter at breast 

height up to 0.5 m (FAO, 1981; Marcar et al., 1995). Its timber is suitable for 

building poles, pilings, posts, heavy construction and for pulp (Clark et al., 1999; 

Harwood, 2001; Marcar and Crawford, 2004). It is naturally distributed throughout 

riparian areas, swamps and salt lakes, as well as xeric landscapes (Chippendale, 

1973; Itai, 1978; Zohar and Moreshet, 1987; Searson et al., 2004). 

Phenotypic/genetic variation in salt tolerance has been demonstrated in other 

eucalypts such as Eucalyptus grandis, E. globulus, E. camaldulensis and E. 

  51 



Chapter 3  
______________________________________________________________________________________________________ 

occidentalis (Zohar, 1982; Van der Moezel et al., 1991; Marcar et al., 2002; 

Mahmood et al., 2003). It is expected that selection for superior genotypes of E. 

occidentalis with high salt and waterlogging tolerance and high growth potential will 

also succeed. 

Compared to crops, trees provide greater potential to ameliorate salinity in 

discharge areas (Marcar et al., 1995; Niknam and McComb, 2000). Discharge areas 

are commonly found in low lying areas and they are often seasonally waterlogged 

during the rainy winter season (Biddiscombe et al., 1985; Nulsen, 1986). Trees are 

better than shallow-rooted crops at lowering water tables due to their longer life 

cycle, deeper roots and larger leaf area (Sun and Dickinson, 1995; Stevens et al., 

1998; Benyon et al., 1999). Species that can withstand high salt levels and 

waterlogging are preferred for discharge areas. Selection of species for salt tolerance 

that naturally occur around affected regions, not only addresses problems in 

discharge areas but may also conserve and protect natural regional flora from further 

salt-generated depletion. Trees from other regions may not be as well adapted to the 

local environmental conditions as local endemics (Devine, 1982; Marcar and 

Crawford, 2004). Clones of Eucalyptus camaldulensis originating from Western 

Australian provenances were shown to be weaker than those originating from the 

same plantation site in Victoria (Morris, 1995). Therefore tree species with salt-

waterlogging tolerance originating from areas within the planting regions are 

preferable and this will also avoid the possibility of genetic contamination from trees 

from outside the region. In addition to within-species genetic contamination, there is 

a risk of interspecific hybridization with introduced, but closely related species. Use 

of local species also eliminates the risk of an introduced species becoming weedy. 

Weeds are a world-wide problem even in saline areas. The salt and waterlogging 

tolerant Melaleuca quinquinerva from Queensland, has become a significant weed in 

the Florida everglades where it was introduced as an ornamental plant (Harrington et 

al., 2003). A further risk with exotic species, is that although initially they may be 

free from pests or pathogens they will be vulnerable to uncontrolled and serious 

damage once infestation occurs (Evans, 1992).    

In Western Australia, where dryland salinity is related to shallow ground water 

(Rengasamy, 2006) selection of suitable trees from this region is necessary. 

Accessions included in this study din not include to populations from the most 

isolated eastern provenances; Mt Ragged and Cape Le Grand. These provenances are 
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distinct from the main range, have lower diversity and perform poorly in trials.  As 

such, they might provide little benefit for breeding (Elliot and Byrne, 2003).  

This study sought to develop a system for screening for salt and waterlogging 

tolerance and to observe the juvenile/establishment phase of a local species, E. 

occidentalis.  Both controlled conditions and field trials were used for selection. 

Tolerance of 25 initial provenances to low salt concentrations (0-300 mM) and nine 

selected provenances to higher salt concentrations (0-550 mM) were examined and 

compared. It was expected that 1) suitable salt concentrations differentiating between 

provenances would be determined, 2) superior provenances for salt and waterlogging 

tolerance would be identified, and 3) provenance selection would maintain sufficient 

variation in genetic diversity.  

3.2. Materials and methods 

Plant material 

 
Seeds of E. occidentalis from 25 provenances, collected from across the natural 

range in Western Australia using standard CSIRO protocols (Eldridge et al., 1993), 

were sown in 8-12 December 2003 in 64-miniplug (3.5 x 3.5 x 5 cm) trays filled with 

potting mix (Premium P/CM, Baileys Fertilizers, Perth). Initial screening of 25 

provenances was conducted in March-June 2004 for salt (0- 300 mM NaCl) and/or 

waterlogging tolerance (Mulcahy 2005). The second screening, using nine 

provenances selected from the highest to the lowest ranked provenances from the 

first screening (Table 1), exposed seedlings to waterlogging and/or salt up to 550 

mM. Provenances from the same seed collections of 94 families from 23 

provenances were also germinated at the same time and were planted in field trials in 

south Western Australia at Kirkwood, Roberts and Sandalwindy.  

 

Table 1.  Nine Eucalyptus occidentalis provenances from Western Australia used for 
second screening trial 

 

Provenance 
No. of 
family 

Altitude 
 (m above sea level) 

Latitude 
(°S) 

Longitude 
(°E) 

Beaufort R. 3 256 33.31 117.34 
Gordon R. 1 230 34.44 116.99 
Grass P. 3 158 33.6 121.78 
Katanning  3 310 33.69 117.56 
L. Magenta R. 2 305 33.89 119.11 
Red Lake S. 8 249 33.99 121.62 
Stirling R. 1 300 34.63 117.64 
Truslove 1 158 33.6 121.78 
Young R. 3 210 33.6 120.76 
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Screening experiment and field trial establishment 

 
Four treatments; control, salt-drained, waterlogged, and salt-waterlogged, were 

set up in tanks from March-June 2004 for the first screening.  In the first screening, 

salt was increased up to 300 mM NaCl.  From October 2004 to January 2005, salt 

used in the second screening was increased up to 550 mM. Control and salt-drained 

tanks were connected to pumps which circulated water from reservoirs.  An 

automated, regular 30-minute watering three times a day was installed, with tanks 

being allowed to drain after each watering. Plants were flooded with water and the 

water level was allowed to reach 1 cm below the surface of the potting media for 

waterlogging treatment and water with salt for salt-waterlogging treatment. These 

solutions with fertilizer were replaced weekly. Individual seedlings were randomly 

allocated in tanks 2 weeks prior to the addition of salt. The salt concentration was 

increased in weekly increments (50 mM) over 6 weeks and held up to 6 weeks at 300 

mM for initial screening. Similarly for the second trial, salt was increased up to 550 

mM and held for 2 weeks.  Salt concentration was then reduced to zero over 3 weeks 

before planting the survivors into pots. The salt solution was at a ratio of NaCl : 

CaCl2 = 14 : 1, to equate to natural soil calcium content (Holland, 1978; Craig et al., 

1990; Van der Moezel et al., 1991). Soluble hydroponic fertilizer was used at full 

recommended concentration for initial screening and half concentration for the 

second screening (Three Part Perfection, Wanneroo, WA). 

Seedlings, germinated at the same time as those for screening under controlled 

conditions, were planted in field trials at 2 x 5 m spacing. Sites which have low 

productivity because of their waterlogged and increasingly saline state at Kirkwood, 

Roberts and Sandalwindy in south Western Australia, were chosen (Table 2). 

Seedlings were planted in July 2004. Site preparation included deep ripping and 

mounding. Local salinity levels were measured for each tree along the planting 

mound using an EM-38 (Geonics, Mississauga, Canada) and classified according to 

Marcar et al. (1995). This EM-38 records salinity from the ground by assessing its 

electric conductivity.  Soil samples were taken from each field trial (0-20, 20-40, 40-

75 cm depth) for analysis of soil texture and salt content in the laboratory to calibrate 

EM-38 readings.  
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Experimental design and statistical analysis 

 
A total of 1200 four month-old seedlings from 25 provenances were used in the 

controlled environment screening.  Provenances were represented by three to 14 

families with 3 to 40 plants per family. Seedlings were randomly placed in four tank 

treatments with five replicates per tank in the first trial. Similarly a total of 1200 

eight month-old seedlings of nine provenances consisting of 30 families were 

similarly arranged in the second trial. Plant survival was recorded every week.  

Heights for both trials were measured initially before salt applied and at 300 mM 

(after held for 6 weeks for the first screening) and additionally at 11 weeks (550 mM 

salt) for the second trial. Relative growths were calculated using the first (week zero) 

and last measurements ((Final height - initial height / initial height)*100%).  All 

leaves were marked and counted before and after assessments to differentiate new 

and old leaves and final leaf proportion was assessed ((Final number of leaf - initial 

number of leaf/initial number of leaf)*100%).  These are valid, non-destructive 

measurements allowing selected material to be kept for further experimentation 

including flowering, cross-pollination and progeny trials.  

Ninety four families from 23 provenances, with fifteen plants per family were 

arranged in five randomised complete blocks in each field trial.  Field assessments 

for survival and height were carried out in April 2005 at age 9 months, and for 

survival, height and diameter (breast height) in May 2007 (age 33 months). Data for 

controlled screening were analyzed using a two-way analysis of variance with 

Genstat 9.2 (VSN International, Oxford) with provenances and tank treatments as 

factors. For field trials, EM-38 assessment indicating level of salinity was used as a 

covariate. For provenance analysis, only mean values of provenances with at least 3 

families were used. Significant differences between means were determined using 

Tukey’s least significant differences (lsd, p<0.05).  

 

Genetic variation  

Molecular genetic variation, using 8 microsatellite loci, was determined for the 

nine representative provenances using the methods outlined in Chapter 6 of this 

thesis. The diversity captured in the two best performing provenances of Red Lake 

Siding and Grass Patch was compared to the diversity in all nine provenances. 
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Table 2. Site characters of saline Eucalyptus occidentalis field trials at Kirkwood, 
Sandalwindy and Roberts  

 
Site characters Kirkwood Sandalwindy Roberts 

Annual rainfall (mm) 583-847 mm 372-469 mm 583-747 mm 

Monthly temperature (°C) 
(mean daily maxima) 

14-27.3°C 14-30.3°C 14.0-27.3°C 

Monthly temperature (°C) 
(mean daily minima) 

5.7-14.9°C 4.9-15°C 5.7-14.9 C 

Altitude (m  a.s.l.) 187 m, 256 m 300 m 
Longitude 117° 43' 21" E 117° 20' 25" E 117° 38' 9" E 
Latitude 34° 27' 38".S 33° 18' 27" S 34° 37' 30" S 
Site condition during 
planting 

had dry topsoil 
with no weed 
cover 

had boggy 
patches 

had some surface 
water between 
planting mounds 

 
 

3.3 Results 

 
3.3.1 Field conditions and soil salinity  
 

Salinity varied greatly across the three field sites. Sandalwindy ranged from 

non-saline (96 mSm-1) to high salinity (976 mSm-1) in May 2005 and slight to 

moderate levels (200-700 mSm-1) in August 2005. Roberts had higher levels of 

salinity than Sandalwindy, ranging from 88 to 1424 mSm-1.  Only a few samples 

could be taken at Kirkwood because of flooding, however they indicated a range of 

salinity from 38 – 1360 mSm-1.  The pH of soil at Roberts and Sandalwindy ranged 

from 5.16 - 6.66 and 5.21-7.55 respectively, while Kirkwood had the highest pH at 

6.52 - 8.17. There were poor correlations between EM-38 and traits. 

3.3.2  Screening under controlled glasshouse conditions  

 
Survival at 300 mM salt did not vary between treatments and between the 25 

provenances. Waterlogging was the only treatment that had a higher final leaf 

proportion (236%) compared to other treatments and was the only treatment which 

showed variation between the provenances (179-366%). Regardless of treatments 

and provenances, all plants showed an increase in leaf production during the 

experiments (Table 3). Waterlogging also produced the tallest seedlings (Table 4). 

Height differences between provenances were measured both with and without salt 

treatments. Under both salt conditions, dry and waterlogged salinity, Red Lake 

Siding, Bremer Bay and Grass Patch were the tallest. Relative growth was also 

highest under waterlogged conditions but this did not vary between provenances.  
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Nine provenances from the first screening that were repeated in the second 

trial, showed no differences in survival when assessed under 300 mM NaCl (Table 

5A). Differences between treatments and provenances were observed for final leaf 

proportion. Height and relative growth (Table 5B) demonstrated differences between 

treatments and provenances, except there was a similar relative growth between 

control (135%) and waterlogging (132%). 

In the 550 mM NaCl experiment, survival varied with treatment.  Salt 

waterlogging had the lowest survival (47%) (Table 6A). Similarly, final leaf 

proportion varied considerably with treatments with the salt treatments having 

approximately half the leaves (101 and 116%) of the non-salt (194 and 237%) 

treatments. At this high salt level, most provenances under salt-waterlogging had a 

lower leaf proportion with up to 40% decline from their original leaf number. Height 

and relative growth were also the lowest under salt and these traits differed between 

provenances in all situations except for relative growth under salt waterlogging, 

where no differences were found between provenances (Table 6B). Red Lake Siding 

and Grass Patch were the tallest in all treatments and height increased by 23% from 

300-550 mM salt-waterlogging. 

3.3.3  Selection in field trials  

 
In field trials, Sandalwindy and Roberts had similar high survival at 9 months 

(94 and 91%) with a slight reduction at 33 months (90%) (Table 7A). Height only 

differed between sites after 33 months and trees at Roberts were generally taller than 

at Sandalwindy. Plant characteristics were influenced by provenance and location. 

Red Lake Siding and Grass Patch were always the tallest in all ages and sites (Table 

7B). Tree diameters were larger at Roberts but relative growth was higher at 

Sandalwindy. All provenances varied for diameter and relative growth except for 

relative growth at Roberts (Table 7C). Beaufort trees had the largest diameter in both 

field sites, whilst Red Lake Siding, Gordon River and Lake Magenta had largest 

stems in either location.  
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Table 3.   Survival (%) and final leaf proportion (%) after 12 weeks in the first salt and/or waterlogging screen   

               of  25 Eucalyptus occidentalis provenances at 300 mM NaCl (Mulcahy, 2005)    

          Survival (%)           Final leaf proportion (%)    
Provenance C   W   SD    SW   C W   SD  SW   

Red Lake Siding* 100   100   100   100  188 ± 20 232 ± 34 b 168 ± 19 208 ± 33  
Bremer Bay 91.7  100  91.7  100  208 ± 21 250 ± 32 b 138 ± 19 214 ± 33  
Young River* 100  100  100  100  204 ± 20 259 ± 32 b 166 ± 19 190 ± 33  
Grass Patch* 100  100  100  91.7  194 ± 20 179 ± 32 c 163 ± 19 176 ± 34  
Lake Magenta Road* 100  100  100  91.7  164 ± 20 189 ± 32 c 151 ± 19 223 ± 34  
Ongerup 91.7  91.7  91.7  100  173 ± 21 195 ± 34 c 144 ± 19 165 ± 33  
Jerramungup 91.7  100  100  100  175 ± 21 318 ± 32 ab 152 ± 19 240 ± 33  
Truslove* 100  91.7  100  100  221 ± 20 217 ± 34 c 177 ± 19 220 ± 33  
Dumbelyung Lake 100  83.3  91.7  91.7  177 ± 20 366 ± 36 a 141 ± 19 261 ± 34  
Cape Riche 100  100  100  91.7  207 ± 20 323 ± 32 a 175 ± 19 304 ± 34  
Ravensthorpe 100  100  91.7  100  229 ± 20 270 ± 32 b 161 ± 19 216 ± 33  
Rocky Gully 100  100  100  91.7  217 ± 20 240 ± 32 b 172 ± 19 199 ± 34  
Beaufort River* 100  100  100  91.7  174 ± 20 202 ± 32 c 153 ± 19 225 ± 34  

Jerdacuttup River 100  100  100  100  183 ± 20 231 ± 32 b 169 ± 19 177 ± 33  
Lake Dunn 91.7  100  91.7  83.3  146 ± 21 197 ± 32 c 136 ± 19 149 ± 36  
Gordon River* 91.7  91.7  91.7  91.7  192 ± 21 188 ± 34 c 139 ± 19 168 ± 34  
Gibson 100  100  100  100  251 ± 20 245 ± 32 b 153 ± 19 286 ± 33  
Katanning* 100  100  91.7  100  190 ± 20 234 ± 32 b 179 ± 19 1576 ± 33  
Pallerup Rock 100  100  100  100  206 ± 20 186 ± 32 c 174 ± 19 239 ± 33  
Porongurup 100  100  100  100  213 ± 20 191 ± 32 c 192 ± 19 194 ± 33  
Thomas River 91.7  100  91.7  90.9  197 ± 21 232 ± 34 b 164 ± 20 210 ± 36  
Salt River 100  100  100  100  209 ± 20 231 ± 32 bc 159 ± 19 254 ± 33  
Broomehill 100  100  100  100  169 ± 20 192 ± 32 c 157 ± 19 196 ± 33  
Stirling range* 100  100  100  83.3  190 ± 20 209 ± 32 c 171 ± 19 267 ± 36  
Dunn Rock 91.7  100  91.7  91.7  186 ± 21 333 ± 32 a 222 ± 19 153 ± 34  

Mean 97.7   98.3   97.0   95.6  194.6 236.3   163.0 202.4  
Between treatments: survival ns, final leaf proportion  ** (P =0.001) (lsd = 32)        
Between provenances: survival ns, final leaf proportion: C, SD, SW = ns, W = *  (P= 0.005, significant difference indicated by different letters) 

C = control          W = waterlogging  SD   
: salt-drained at 300 mM 
NaCl SW  : salt-waterlogging at 300 mM NaCl 

*  : selected provenances for further salt and/waterlogging screening up to 550 mM      
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Table 4.  Height (cm) and relative growth (%) after 12 weeks in the first salt and/or waterlogging screening      

             of 25 Eucalyptus occidentalis provenances at 300 mM NaCl (Mulcahy, 2005)       

          Height (cm)                   
Relative growth 

(%)     

Provenance   C   W    SD    SW     C   W   SD   SW 

Red Lake Siding*  66 ± 5 a 67 ± 5 a 50 ± 5 a 55 ± 2 a  202 ± 25 b 199 ± 37  163 ± 25 c 149 ± 34 

Bremer Bay  56 ± 6 ab 59 ± 5 a 44 ± 3 ab 49 ± 3 a  199 ± 27 b 207 ± 36  176 ± 26 b 283 ± 34 

Young River*  45 ± 5 bc 67 ± 3 a 43 ± 3 b 49 ± 1 a  188 ± 25 b 215 ± 39  156 ± 25 c 163 ± 34 

Grass Patch*  57 ± 3 a 55 ± 5 b 44 ± 2 a 48 ± 3 ab  165 ± 25 c 175 ± 36  147 ± 25 c 144 ± 35 

Lake Magenta *  42 ± 4 c 54 ± 6 b 38 ± 2 bc 46 ± 4 b  167 ± 25 bc 207 ± 37  190 ± 25 b 185 ± 35 

Ongerup  50 ± 6 b 55 ± 6 ab 45 ± 3 a 46 ± 3 b  238 ± 27 ab 244 ± 39  160 ± 26 c 154 ± 34 

Jerramungup  46 ± 4 b 64 ± 4 a 42 ± 2 b 45 ± 2 b  180 ± 27 b 217 ± 37  194 ± 25 b 157 ± 34 

Truslove*  45 ± 6 b 59 ± 4 a 42 ± 3 b 43 ± 5 b  189 ± 25 b 243 ± 41  163 ± 25 c 229 ± 34 

Dumbelyung Lake  49 ± 4 b 61 ± 4 a 41 ± 3 b 42 ± 4 b  183 ± 25 b 220 ± 39  153 ± 26 c 253 ± 35 

Cape Riche  53 ± 5 b 57 ± 6 a 45 ± 2 a 42 ± 3 b  164 ± 25 c 206 ± 36  157 ± 25 c 137 ± 35 

Ravensthorpe  47 ± 4 b 61 ± 3 a 34 ± 2 c 40 ± 3 b  256 ± 25 a 250 ± 37  194 ± 26 b 203 ± 34 

Rocky Gully  46 ± 3 b 61 ± 4 a 38 ± 2 b 39 ± 3 b  199 ± 25 b 229 ± 37  168 ± 25 bc 158 ± 35 

Beaufort River*  42 ± 4 c 53 ± 3 b 35 ± 2 c 39 ± 3 b  176 ± 25 b 219 ± 36  182 ± 25 b 168 ± 35 

Jerdacuttup River  48 ± 4 b 41 ± 6 c 36 ± 3 c 39 ± 2 b  228 ± 25 b 155 ± 36  170 ± 25 b 149 ± 34 

Lake Dunn  51 ± 5 b 59 ± 4 a 41 ± 2 b 39 ± 4 bc  186 ± 27 b 249 ± 37  159 ± 26 c 142 ± 37 

Gordon River*  39 ± 4 c 38 ± 6 c 31 ± 4 c 39 ± 3 c  251 ± 27 a 179 ± 37  198 ± 26 b 170 ± 35 

Gibson  47 ± 4 b 53 ± 3 b 38 ± 2 b 37 ± 3 c  217 ± 25 b 236 ± 36  171 ± 25 b 193 ± 34 

Katanning*  50 ± 6 b 48 ± 6 b 35 ± 3 c 35 ± 4 c  234 ± 25 b 314 ± 37  237 ± 26 a 188 ± 34 

Pallerup Rock  37 ± 3 c 42 ± 2 c 30 ± 2 d 35 ± 3 c  295 ± 25 a 318 ± 37  268 ± 25 a 236 ± 34 

Porongurup  39 ± 4 c 49 ± 4 b 32 ± 2 c 34 ± 3 c  183 ± 25 b 225 ± 37  193 ± 25 b 178 ± 34 

Thomas River  34 ± 4 c 45 ± 4 b 33 ± 2 c 33 ± 5 c  167 ± 27 b 287 ± 39  170 ± 26 b 159 ± 37 

Salt River  39 ± 5 c 58 ± 5 a 27 ± 2 d 33 ± 4 c  307 ± 25 a 264 ± 37  298 ± 25 a 209 ± 34 

Broomehill  38 ± 4 c 45 ± 3 b 30 ± 2 d 30 ± 3 cd  156 ± 25 c 248 ± 36  201 ± 25 b 173 ± 34 

Stirling range*  43 ± 5 c 37 ± 4 c 31 ± 2 cd 28 ± 3 d  281 ± 25 a 267 ± 37  247 ± 25 a 187 ± 37 

Dunn Rock  33 ± 4 c 43 ± 4 bc 30 ± 2 d 26 ± 2 d  224 ± 27 b 307 ± 36  235 ± 26 ab 173 ± 35 

Mean   45.7   53.4   37.3   39.7     209   235   190.0   182 

Between treatments :  height ** (P = 0.001), lsd =  7       Relative growth: ns           
Between provenances : height (H) ** for all treatments, relative growth (RG) ns for waterlogging and salt-waterlogging. Significant difference indicated by different letters  

C = control          W = waterlogging  SD  : salt-drained at 300 mM NaCl SW  : salt-waterlogging at 300 mM NaCl    
*  : selected provenances for further salt and/waterlogging screening up to 550 mM          
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Table  5.     Second salt and/or salt waterlogging screening after 12 weeks of 9 Eucalyptus occidentalis provenances up to 300 mM NaCl   
                   A. Survival (%) and final leaf proportion (%)  B. Height (cm) and relative growth (%)  
                   C = control, W = waterlogging, SD = Salt dry, SW = salt waterlogging 

 
A Survival (%) at 300 mM  Final leaf proportion (%) 
               
 Provenance C W SD SW   C  W  SD  SW  
Red Lake (8) 99 100 89 100   161 ± 3.4 a 154 ± 2.8 a 128 ± 4.1 ab 146 ± 3.2 b 
Grass (3) 97 100 97 100  150 ± 5.7 b 140 ± 4.6 c 133 ± 6.3 ab 137 ± 5.2 c 
Young (5) 100 100 90 100  150 ± 4.3 b 143 ± 3.6 b 126 ± 5 b 134 ± 4 c 
Gordon (1) 100 100 100 100  143 bc 137 c 123 bc 133 c 
Truslove (1) 100 100 100 100  159 a 154 a 129 ab 155 a 
L Magenta (2) 100 100 95 100  151 b 133 c 129 ab 142 b 
Beaufort (5) 98 98 98 100  151 ± 4.4 b 147 ± 3.6 b 123 ± 4.9 bc 138 ± 4 c 
Katanning (3) 100 100 97 100  165 ± 5.6 a 154 ± 4.6 a 122 ± 6.5 c 143 ± 5.2 b 
Stirling (1) 95 100 95 100   142 c 141 b 121 c 131 c 

Mean 97.7 99.3 96.7 100.0  152.2  147.4  121.7  137.6  
Final leaf proportion: between treatments **,  lsd = 13 

B Height (cm)  Relative growth (%) 
           
Provenance C   W    SD   SW    C  W  SD  SW  
Red Lake (8) 36 ± 0.8. a 37± 0.7 a 32 ± 0.7 a 39 ± 0.7 a 128 ± 2.8 c 121 ±  2.3 c 105 ± 2 b 122 ± 4.4 b 
Grass (3) 36 ± 1.2 a 37± 1.2 a 30 ± 1.1 a 37 ± 1.2 a 122 ±  4.5 d 124 ±  3.7 bc 106 ± 3.2 b 126 ± 3.1 a 
Young (5) 28 ± 0.9 b 29 ±  0.9 b 26 ± 0.9 c 29 ± 0.9 b 130 ± 3.5 c 126 ±  2.9 b 113 ± 2.6 a 112 ± 2.5 c 
Gordon (1) 29 b 27 b 22 e 29 b 127 cd 127 b 112 ab 130 a 
Truslove (1) 28 b 26 bc 26 c 25 bc 134 c 145 a 116 a 115 bc 
L Magenta (2) 26 bc 23 cd 21 e 25 c 134 c 129 b 117 a 122 ab 
Beaufort (5) 25 ±  1 c 24 ± 0.9 c 20 ± 0.8 ef 23 ± 0.9 c 132 ±  3.5 c 132 ±  2.9 b 114 ± 2.4 a 131 ± 4.4 a 
Katanning (3) 23 ± 1.2 cd 22 ± 1.2 d 21 ± 1.1 e 22 ± 1.2 c 165 ± 4.5 a 148 ±  3.7 a 119 ± 3.2 a 125 ± 3.1 a 
Stirling (1) 20 d 20 d 15 f 18 d 141 b 136 ab 119 a 117 b 

Mean 27.8  27.3  23.7  27.4  134.9  131.9  113.3  122.2  
Between treatments * lsd = 3.2 
Significant differences within treatments between provenances indicated by different letters 
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             Table  6.     Second salt and/or salt waterlogging screening after 12 weeks of 9 Eucalyptus occidentalis provenances at 550 mM NaCl  
                              A. Survival (%) and final leaf proportion (%)  B. Height (cm) and relative growth (%)            

A.                                                           Survival (%)                                                  Final leaf proportion  (%) 
Provenance C W SD SW C W SD SW  
Gordon River (1) 100 100 50 60 261 ± 0 215 ± 0 74 ± 0 100 ± 0 b 
Lake Magenta (2) 100 95 90 60 217 ± 4 151 ± 15 118 ± 5 96 ± 13 b 

Truslove (1) 100 100 80 60 227 ± 0 203 ± 0 103 ± 0 131 ± 0 a 
Grass Patch (3) 93 ± 3 100 90 ± 6 53 ± 3 210 ± 21 170 ± 19 113 ± 15 93 ± 20 b 
Katanning (3) 97 ± 3 100 83 ± 9 50 ± 6 215 ± 19 203 ± 11 100 ± 5 89 ± 3 bc 
Red Lake Siding (8) 90 ± 3 100 74 ± 4 45 ± 6 226 ± 16 193 ± 9 87 ± 9 75 ± 4 c 
Beaufort River (5) 96 ± 2 98 ± 2 78 ± 5 36 ± 12 231 ± 15 216 ± 15 102 ± 5 76 ± 6 c 
Young River (5) 98 ± 2 100 78 ± 6 34 ± 8 244 ± 9 193 ± 12 108 ± 6 68 ± 8 cd 
Stirling Range (2) 95 95 75 25 211 ± 7 197 ± 8 100 ± 38 61 ± 0.1 d 

Mean 97 99 78 47 237 194 116 100.6  
Between treatments  and  between provenances ns                            Between treatments *** (lsd = 11) 
                                                                                                              Between provenances  C, W and SD ns, SW *** (lsd = 23) 
 
B.                                                                   Height (cm)                                                        Relative growth (%) from 300-550 mM salt (6-12 weeks) 
Provenance C   W   SD   SW   C   W   SD   SW 
Grass Patch (3) 50 ± 3 a 43 ± 2 a 32 ± 1 a 35 ± 4 a 171 ± 12 c 144 ± 13 c 116 ± 6 b 123 ± 5 
Red Lake S.   (8) 46 ± 2 a 45 ± 1 a 28 ± 3 a 35 ± 1 a 180 ± 14 c 148 ± 10 c 119 ± 9 b 123 ± 6 
Gordon River (1) 49 a 36 b 15 e 30 b 219 b 171 b 119 b 126 
Truslove (1) 51 a 36 b 22 c 26 b 249 a 200 a 126 b 144 
Young River   (5) 44 ± 3 b 35 ± 2 b 25 ± 1 b 24 ± 3 b c 215 ± 15 b 155 ± 15 b 123 ± 8 b 120 ± 5 
Lake Magenta (2) 38 b 26 d 21 c 23 c 209 b 146 c 129 a 130 
Beaufort River (5) 40 ± 2 b 30 ± 3 c 20 ± 1 c 21 ± 3 c 226 ± 27 b 174 ± 13 b 127 ± 9 ab 140 ± 17 
Katanning (3) 38 ± 3 b 29 ± 2 c 22 ± 4 c 19 ± 2 d 285 ± 26 a 199 ± 16 a 136 ± 9 a 139 ± 11 
Stirling Range (2) 32 c 28 c 14 e 16 d 233 b 189 a 141 a 127 

Mean 44.1  36.5  26.5  26.3  221  170  126  130 
Between treatments ** (lsd = 2)                                                                                   Between treatments   *** (lsd = 8.4)  
C = Control   W = Waterlogged                                                                                   Between provenances all treatments  
SD  = Salt dry  at 550 mM salt       SW  = Salt waterloggging  at 550 mM salt           *** except salt-waterlogging (ns) 
Significant differences within treatments between provenances indicated by different letters 
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Table 7. A. Survival (9 and 33 months), B. height (9 and 33 months) and C. 

diameter and relative growth at 33 months of Eucalyptus occidentalis 
provenances in 3 saline field trials at Sandalwindy, Roberts and 
Kirkwood 

 
A.                                        Survival  at 9 months (%)                               Survival at 33 months (%) 
  Sandalwindy Roberts Kirkwood Sandalwindy Roberts 
Provenance (%) (%) (%) (%) (%) 
Truslove (2) 93 ± 7 100 ± 0 42 ± 10 93 ± 7 100 ± 0 
Red Lake Siding (3) 93 ± 7 96 ± 5 67 ± 13 93 ± 7 96 ± 5 
Grass  Patch  (3) 87 ± 9 98 ± 2 60 ± 12 84 ± 7 96 ± 2 
Stirling Range (1) 100± 0 93 ± 0 60 ± 0 93 ± 0 93 ± 0 
Beaufort River (3) 96 ± 2 93 ± 4 51 ± 11 82 ± 2 91 ± 5 
Katanning (2) 100 ± 7 89 ± 6 47 ± 10 93 ± 0 89 ± 6 
Lake Magenta (3) 98 ± 2 87 ± 7 49 ± 11 98 ± 2 87 ± 7 
Young River  (3) 100 ± 0 82 ± 2 64 ± 12 100 ± 0 80 ± 0 
Gordon River   (2) 93 ± 0 78 ± 5 40 ± 9 73 ± 7 76 ± 6 
 94 91 53 90 90 
Between sites 9 months: * (lsd = 23) 

 
B.                                                        Height at 9 months (cm)                 Height at 33 months (cm) 
  Sandalwindy Roberts   Kirkwood   Sandalwindy     Roberts   
Provenance (cm)   (cm)   (cm)   (cm)   (cm)   
Red Lake Siding (3) 99 ± 0 a 92 ± 3 a 96 ± 3 a 331 ± 7 a 366 ± 13 a 
Grass  Patch  (3) 88 ± 12 a 80 ± 5 a 85 ± 5 a 327 ± 1 a 350 ± 3 a 
Truslove (2) 70 ± 2 c 74 ± 4 b 82 ± 8 a 300 ± 5 b 344 ± 23 a 
Gordon River   (2) 59 ± 1 c 74 ± 15 b 64 ± 7 c 300 ± 7 b 344 ± 12 a 
Stirling Range (1) 62 ± 0 c 63 ± 0 c 69 ± 0 b 289 ± 0 c 334 ± 0 a 
Beaufort River (3) 87 ± 11 a 60 ± 3 c 65 ± 5 c 335 ± 11 a 334 ± 8 a 
Katanning (2) 65 ± 7 c 63 ± 3 c 79 ± 6 b 306 ± 2 b 330 ± 6 b 
Lake Magenta (3) 73 ± 10 b 69 ± 5 b 81 ± 6 b 328 ± 8 a 315 ± 19 b 
Young River  (3) 73 ± 2 b 53 ± 3 c 71 ± 3 b 305 ± 12 b 277 ± 15 c 
  75.0   69.6  76.9    313  332.6  

 Between sites 33 months:  * (lsd = 17) 
 
C.                                          Diameter at (33 months)                     Relative growth from 9- 33 months  
                                                            (mm)                                                            (%)                              
  Sandalwindy Roberts   Sandalwindy   Roberts 
Provenance      
Red Lake Siding (3) 35 ± 2 b 43 ± 2 a 308 ± 40 b 274 ± 11 
Katanning   (2) 35 ± 0 b 40 ± 1 b 379 ± 88 a 272 ± 12 
Beaufort River (3) 40 ± 5 a 45 ± 3 a 266 ± 28 b 269 ± 7 
Truslove   (2) 32 ± 0 c 41± 6 b 408 ± 19 a 269 ± 10 
Gordon River   (2) 27 ±  1 c 44 ± 4 a 384 ± 78 a 269 ± 7 
Grass  Patch  (3) 38 ± 1 b 41 ± 0 b 309 ± 59 b 268 ± 4 
Stirling Range (1) 37 ± 0 b 39 ± 0 b 395 ± 0 a 267 ± 0 
Lake Magenta (3) 43 ± 4 a 38 ± 4 b 321 ± 29 b 243 ± 12 
Young River  (3) 35 ± 1 b 28 ± 3 c 372 ± 42 a 225 ± 14 

Mean 35.7  40.2  349  262 
(  ): Number of families per provenance 
Between sites: diameter * (lsd  = 3.9), relative growth ** (lsd = 64)  
Significant differences (P>0.01) between provenances are indicated by different letters (a, b, 
c and d) 
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3.3.4  Phenotypic diversity 

There were similar trends of phenotypic diversity in height between the first 

trial of 25 and the second trial of nine provenances when observed at 300 mM NaCl 

(Fig. 1A and B). Mean tree heights from the 25 provenances at full nutrient 

concentration was 40 cm.  This was greater than the mean of 30 cm for all plants in 

the nine provenances at half nutrient concentration (reduced to prevent overgrowth in 

tanks).  In the second screening trial of nine provenances, some individuals survived 

up to 550 mM NaCl.  These had mean heights of 30 cm at 300 mM salt and 34 cm at 

550 mM NaCl (Fig 2A). Plants from the two tallest provenances, Red Lake Siding 

and Grass Patch, shifted the distribution as they had more taller individuals and 

fewer shorter individuals with a mean of 38 cm at 300 mM and 43 cm at 550 mM 

NaCl (Fig 2B).  

At the Roberts field trial, where salinity ranged from 88 to 1424 mSm-1, 11 % 

of plants died between age 9 and 33 months.  This shifted the height distribution 

towards taller individuals (Fig. 3A and B). This shift was dominated by the two 

tallest provenances Red Lake Siding and Grass Patch, which had a mean height of 

354 cm and individuals up to 482 cm.  Selections of these two provenances increased 

the mean plant height by 17% at 9 months (Fig. 3A and C) but the differences 

declined to 6% after 33 months (Fig. 3B and D).  
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Figure 1.    Comparison of Eucalyptus occidentalis height distribution between the first  (25 provenances, Mulcahy 2005) and    second (9 
provenances) of salt and waterlogging screening  at 300 mM NaCl 

A.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
First screening 
 
N = 286 
Mean = 40 cm 
 
No. of provenances = 25 (all collection) 
 
Note: 
- trial using first seedling selection 
- seedlings were held for 300 mM for 6 weeks 
- seedlings were 4 months-old and fertilized at full concentration 

B.  
 
 
 
 
 
 
 
 
 
 

 
 
Second screening 
 
N = 300 
Mean = 30 cm 
 
No. of provenances = 9 
 
Note: 
- seedlings were the rest after selected for first seedling screening 
- seedlings were seedlings were 8months-old and at ½ recommended 
concentration to prevent overgrowing in the tanks 
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Figure 2.  Comparison of Eucalyptus occidentalis height distribution at 300 mM salt of  A. 9 provenances  and B. the two  tallest 
provenances (Red Lake Siding and Grass Patch) provenances which survived up to 550 mM salt and waterlogging 

A.  
 n = 236 
 Mean = 30 cm (at 300 mM) 
 Mean = 34 cm (at 550 mM) 
 Genetic diversity = 0.87 using 8 microsatellites  
                            (using family seedlings) 
  
  
  
 Note: 
 - seedling were the rest after selected for first screening 
 - seedlings were 8 months-old and  
   fertilized at 1/2 of recommended concentration 
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  to prevent overgrowing in  the tanks 
 

B.  
 n = 88 
 Mean = 38 cm (at 300 mM) 
 Mean = 43 cm (at 550 mM) 
  
 Genetic diversity = 0.842 for Red Lake Siding and 
                             0.765 for Grass Patch  
                             using 8 microsatellites  
                            (using family seedlings) 
  
  
  

 

Red Lake Siding and Grass Patch 
survived at 550 mM salt (asssessed at 300 mM)
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Figure 3.   Comparison of E. occidentalis height distribution at 9 and 33 months in Roberts field trial performance  between overall (23) at  
A. 9 and  B. 33 months and the two tallest provenances  (Red Lake Siding and Grass Patch) at C. 9 and D. 33 months in Roberts 
field trial 

A. 
All provenances (23) 

at 9 months in Roberts 
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     n = 1347                       Provenance = 23 

    Mean = 72 ± 1              Families       = 94 
        n  = 1195                                             Provenance = 23 

       Mean = 334 ± 2.7                                Families      = 94 
C. 

Provenances Red Lake Siding and Grass Patch 
at 9 months in Roberts
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D. Provenances Red Lake Siding and Grass Patch 
at 33 months in Roberts
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      n = 223                        Provenance = 2 

    Mean = 84 ± 1.5           Families      = 16 
         n = 207                                    Provenance = 2 

        Mean = 354 ± 4                       Families      = 16 
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3.3.4  Genetic variation of selected provenances  

 

Genetic diversity was high in the nine provenances selected as being 

representative of the original collection.  Heterozygosity ranged from 0.706 to 0.859. 

The two best performing provenances, Red Lake Siding (He = 0.842) and Grass 

Patch (He  = 0.765), had similar levels of heterozygosity to the other provenances 

and to the heterozygosity measured at a species levels (He  = 0.869) across the nine 

provenances.  

Allelic variation was also high with a range of 7 to 17.6 alleles per provenance 

and mean number of alleles per provenance of 12.8 (Table 8). The majority of the 

allelic variation was maintained within provenances (95%) rather than between 

provenances (5%). Red Lake Siding had the highest level of diversity among 

provenances and Grass Patch had moderate levels.  
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Table 8.  Average number of alleles per locus (Na) of the nine Eucalyptus 

occidentalis provenances.  
 

Provenances 

 
No. 

individuals 

 
No. 
families Na (s.e.) 

Red Lake 
 

82 
 
8 17.6  (0.148) 

Grass Patch 
 

38 
 
3 12.6   (0.168) 

Beaufort 
 

47 
 
5 16.5  (0.334) 

Young River 
 

45 
 
5 17.5   (0.247) 

Katanning 
 

40 
 
3 16.5   (0.207) 

L Magenta 
 

22 
 
2 10.4  (0.176) 

Stirling 
 

15 
 
2 9.3   (0.280) 

Truslove 
 

16 
 
1 8.3    (0.203) 

Gordon 
 
9 

 
1 7.0  (0.248) 

 Mean  12.8  (0.225) 
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3.4 Discussion 

 
Eucalyptus occidentalis plants were all very salt and waterlogging tolerant. In 

both screening trials all plants survived 300 mM NaCl, with or without waterlogging 

in most provenances and in the remaining provenances very few plants died. All 

surviving plants gained leaves and continued to grow.  Plants under waterlogged 

conditions produced more leaves and were taller than drained controls. Salt drained 

plants abscised more and/or produced less leaves.  This reduced height but salt-

waterlogged plants were unaffected. As 300 mM salt with waterlogging did not 

affect growth of E. occidentalis, there is good agreement with earlier trials indicating 

that E. occidentalis is a very salt and waterlogging tolerant species; far more tolerant 

than other Eucalyptus (Van der Moezel and Bell, 1987; Marcar, 1989) or crop plants. 

At 300 mM within 35 days, E. globulus spp globulus has 47% survival whereas E. 

occidentalis has 100% (Marcar, 1989).  Eucalyptus grandis exposed to 150 mM salt-

waterlogging within 35 days reduced dry weight to 80% of the control and the 

number of leaf pairs reduces by 24% (Marcar et al., 2002). Most crop species are 

affected at much lower salt levels, with injury sustained at 100 mM in lupin (Munns, 

1988) and 120 mM NaCl in wheat (Hu and Schmidhalter, 1998). This tolerance in E. 

occidentalis indicates that if growth reduction occurs at this or lower salt 

concentrations, it is more likely to be caused by hormonal signals from roots facing 

water stress than ion accumulation, and hence usually growth will recover and injury 

will not occur (Munns, 2002). 

A concentration of 300 mM NaCl was not high enough to differentiate between 

provenances. Provenances performed similarly in relation to survival, final leaf 

proportion, height and relative growth, indicating this salt level is inappropriate for 

selection (Blum, 1988; Munns, 2002). In contrast, 12 unnamed provenances of E. 

occidentalis are segregated by survival (12 -75%) at 35 mS/cm (around 330 mM) salt 

and waterlogging using mixed NaCl, MgSO4 and CaCl2 (Van der Moezel et al., 

1991). Different salt mixtures might cause injury or reduce growth (Nassery et al., 

1979; Weimberg et al., 1984; Cramer et al., 1985) although Marcar (1989) suggests 

it would make little difference for Eucalyptus. At a lower salt concentration of 150 

mM with a salt mixture of NaCl, MgSO4, MgCl2 and CaCl2 differences between 

provenances and between families of E. globulus and E. grandis in height, shoot dry 

weight and root dry weight are evident within 35 days (Marcar et al., 2002). 
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However in the E. occidentalis provenances examined here, 300 mM NaCl was not 

appropriate for screening with the exception of populations from the easternmost 

extremity. 

When salt levels were increased to around sea salt levels (550 mM) E. 

occidentalis plants had difficulty growing under salt-waterlogged conditions and 

there were distinct differences between provenances. This was indicated by a drastic 

reduction of all growth parameters. Across provenances, over half the plants died 

while within provenances this varied from one third to three-quarters dead.  Among 

the survivors, most provenances lost 5-40% of their leaves  Height and relative 

growth were reduced by 40% compared to controls.  At this level, excessive salt 

entering E. occidentalis plants probably caused internal injury. Accumulated ions in 

plant tissues causing salt compartmentalisation into vacuoles or other parts of the 

plant bodies (Greenway and Munns, 1980; Allen et al., 1994). Plants must cope with 

injury, once salt and water deficit has built up, due to osmotic stress, reduced 

capacity to produce photoassimilates (Munns, 2002).  Above a critical threshold, salt 

concentration exceeds the plant’s ability to sequester it into vacuoles. Salt 

accumulates in the cytoplasm of older transpiring leaves, affecting enzyme activity 

and causing cell dehydration (Munns and Passioura, 1984; Flowers and Yeo, 1986). 

The diminished carbohydrate supply inhibits growth of young leaves and eventually 

reduces plant survival (Colmer et al., 1995; Munns, 2002).  This is compounded by 

the reduced ability to exclude sodium due to depleted energy supplies (Jacoby, 

1965).  Somewhere between 300 and 550 mM NaCl, provenances of E. occidentalis 

began to experience these destructive processes and therefore tolerant genotypes 

could be distinguished. 

New leaf production is essential to support growth under highly saline 

conditions. The ability for some E. occidentalis survivors to grow after 2 weeks at 

550 mM salt, may have been due to this.  After the removal of salt from the media, 

old leaves may still contain salt for some time (Munns, 2002). Generally little salt is 

translocated from leaves to the transpiration stream, although in rare instances, such 

as mangroves, salt is excreted from leaves into salt glands or bladders (Ball, 1988). 

Salt may be removed in old leaves as they abscise but this is only successful without 

its replacement by new salt uptake. The ability of plants exposed to salt to produce 

new leaves during and after salt exposure will determine whether or not they can 

survive and grow. Usually plants have a rapid reduction in growth under combined 

salt waterlogging. The increase of Na+ and Cl- in shoots (leaves) under salt when 
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waterlogging present is partially due to a decline in shoot growth and this increases 

ion concentration in shoots (leaves) which, in turn had an adverse effect on further 

plant survival and growth (Barrett-Lennard, 2003). Eucalyptus camaldulensis clones 

from 5 provenances differed in leaf number, even between clones within a single 

provenance at 300 mM salt (Farrel et al., 1996). Leaf production and abscission 

differed between E. occidentalis provenances under high salt and some provenances 

maintained or even increased their leaf proportion within the first week at 550 mM 

salt. Leaf proportion was assessed in the glasshouse but this was impossible under 

field conditions, indicating the importance of testing under controlled conditions as a 

complement to field trials. In addition the uniform environment under controlled 

conditions made precise distinctions between genotypes possible and this would be 

very difficult to do in the field.  Differences in final leaf proportion at provenance 

level for E. occidentalis ranged 61-131% under 550 mM salt waterlogging. This was 

even wider at family levels (41-131%) although this trait is not strongly inherited (as 

discussed in Chapter 4).  

Eucalyptus occidentalis plants expressed reduced growth under high salinity in 

the field. At 9 months, under 1424 mSm-1 in Roberts, E. occidentalis height (0.7 m) 

was shorter than 1 year-old plants (1.3 m) under 1000 mSm-1 (Biddiscombe et al., 

1981). Eucalyptus occidentalis is expected to show reduced growth in 1000 mSm-1 

conditions (Pepper and Craig, 1986; Benyon et al., 1999). At 61 months growth, E. 

occidentalis growth is reduced by 8% when grown in soil with EC’s of 400-1300 

mSm-1 compared to controls (0-500 mSm-1). By comparison, the moderately salt 

tolerant E. camaldulensis experienced reduced growth by 35-54% under 400-1300 

mSm-1 EC conditions (Marcar et al., 2003). Reduced growth was expected in E. 

occidentalis under higher salinity in this trial. After 33 months, plant height (3.34 m) 

was much shorter than after 40 months (5.8-6.5 m) under 400-800 mSm-1 (Steven et 

al., 1999), and the varying salt levels in each field trial was probably responsible for 

these differences. 

There was little change in quantitative trait distribution under controlled saline 

conditions. There was little reduction in height diversity when the nine provenances 

were selected from a total of 25 E. occidentalis provenances. These nine provenances 

therefore provided a good representation of the species for further testing. For 

management reasons, different fertilizer concentrations were used in the two trials, 

and this probably accounts for some of the differences in mean height detected 

between these two groups.  There was also very little decline in quantitative trait 
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distribution when heights from the nine provenances at 300 mM were compared with 

their heights at 550 mM NaCl. Although 21% of plants across the population died 

this did not affect distribution of height, mean and phenotypic diversity.  Generally 

only long exposure to environmental change can affect phenotypic diversity through 

selection (Humphreys and Humphreys, 2005) or reduction of genetic diversity due to 

selection pressure (Lowe et al., 2004). Very short exposure of a population to stress 

should not lead to selection, however exposure to strong pressure from a drastic new 

environment where only a few individuals with specific genome arrangement survive 

may shift phenotypic diversity (Lowe et al., 2004). Here most plants survived and so 

selection pressure after 12 weeks of 550 mM salt-waterlogging for E. occidentalis 

may therefore not be long enough to change the quantitative trait diversity of treated 

populations.  

In contrast, salinity in the field caused a change in quantitative trait distribution 

yet high population diversity was maintained. Under field conditions at Roberts, 

longer exposure (from 9 months to 33 months) to saline condition skewed the height-

phenotypic distribution of the 23 provenances to the right. This skewing has enabled 

advantageous selection for salt tolerance.  More taller plants survived than shorter 

plants when exposed for the longer period of 33 months. This may be due to better 

root growth. Taller plants may have also been generally more vigorous (Devine, 

1982), including root development. There was a large range in salinity levels across 

the Roberts site and this is common in field sites (Hunt and Gilkes, 1992). Better root 

growth may have enabled taller trees to avoid areas of the soil with high salinity and 

access less saline water elsewhere in the soil profile. The influence of salt on leaf 

growth and abscission could not be measured for plants in field trial.  However, 

access to less saline water by more vigorous trees would have had a compounding 

effect increasing leaf area, photosynthetic capacity and eventually growth (Munns 

and Termaat, 1986). Vigorous plants also have more capacity for salt sequestration 

with their larger leaf area and overall plant mass, again increasing their capacity to 

maintain growth. Certainly larger plant size prior to and during salt exposure can 

increase tolerance (Hu et al., 1977).  Plants which are taller under non-salt conditions 

are generally taller under saline conditions (Marcar and Crawford, 2004). This re-

enforces the advantage of using height as a character to assess tolerance, although the 

inheritance of this trait should be further examined.  Inheritance can be examined in 

more detail at family and individual levels. Inheritance of salinity adaptation traits 

has been studied for E. globulus and E. grandis (Marcar et al., 2002) as well as E. 
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camaldulensis (Mahmood et al., 2003).  This is also investigated for E. occidentalis 

in Chapter 4 of this thesis.   

Skewing and shifting of population means towards an improved position are 

advantageous (Falconer, 1989). Certain tolerant provenances reduced phenotypic 

character distribution and hence diversity, but improved the overall tolerance of the 

surviving population. Under both controlled conditions and in field trials, 

provenances from Red Lake Siding and Grass Patch demonstrated high survival rates 

and good growth characteristics.  This skewed the diversity of the population and 

shifted the mean for height. A large proportion (88 individuals representing 37% of 

the total population under controlled conditions and 207 individuals representing 

17% of plants in the field trial) belonged to these two provenances. Assessment using 

molecular tools (outlined in Chapter 6) indicated that these two provenances retained 

high heterozygosity at provenance and at family levels as expected, since there was 

little difference in heterozygosity between provenances. However, a high proportion 

of allelic diversity was also retained in E. occidentalis when these two tallest 

provenances were selected. If the Bremer Bay provenance which performed among 

the best in the first screening, was also included and selected for the second 

screening, diversity would be expected to increase.  

Consistency in high survival and plant height of Red Lake Siding and Grass 

Patch under controlled screening and field trials, along with maintained diversity, 

makes them excellent provenances for further examination at family level. These two 

provenances were differentiated from other provenances in survival and height under 

salt and under non-salt conditions, indicating that these traits are potentially common 

to both provenances and may be highly inherited. If this proves to be the case then 

they would be suitable candidates for selection of tolerant families and individuals.  

The study suggests that screening for E. occidentalis should be carried out at 

the high salt concentration of 550 mM NaCl in order to differentiate genotypes.  This 

is more than three times the intensity of screening required between families of 

slightly salt tolerant, E. grandis and E. globulus, where differences in response were 

observed under salt-waterlogging conditions of 150 mM mixed salt (Marcar et al., 

2002). There is very little in the literature about screening at high salt level using 

family level within species. The success in differentiating tolerance of genotypes 

under high salt for E. occidentalis might provide an example of screening for other 

highly salt tolerant species. 
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Variation in quantitative traits are generally associated with natural selection 

and ecological adaptation (Gonzáles-Martínez et al., 2004). The fact that E. 

occidentalis generally occurs in brackish conditions or in arid areas near salt lakes 

suggests that different provenances may have developed different adaptations to salt 

conditions, and thus high salinity is required to distinguish them. In the tree species 

Taxodium distichum, comparison between families originating from non-salt and 

saline origins demonstrated that those from brackish locations are the best performers 

under high salt conditions (Allen et al., 1994b). Coastal E. globulus also has better 

survival and growth under salt than those from inland (Marcar et al., 2002). In this 

study, E. occidentalis from more extreme arid saline conditions performed better 

under salt than those from brackish areas. 

Screening under both controlled conditions and in field trials are clearly 

complementary. The results from controlled conditions revealed genotypic 

differences, while results in the field indicated selection for vigor.  Both information 

sets are essential for breeding. There may be an indication of inheritance for height 

from the significant variation seen under salt treatments and selection towards taller 

plants was indicated in the longer exposure of the saline field trial. These need to be 

considered as salt tolerance characters in E. occidentalis. However, examination for 

all traits in more detail, at both family and individual levels, is essential to determine 

trait inheritance for further breeding. Selection of two consistently taller provenances 

demonstrated the capacity to shift the population mean for height and maintain high 

molecular diversity, indicating these provenances as salt tolerant candidates worthy 

of further examination at family and individual level.      
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Chapter 4 

Selected genotypes within families of Eucalyptus occidentalis 

were taller under salt and/or waterlogged conditions in 

controlled tank and field trials. 
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Chapter 4 

Selected genotypes within families of Eucalyptus occidentalis were 
taller under salt and/or waterlogged conditions in controlled tank 

and field trials. 
Abstract  
 

Screening using salt and/or waterlogged conditions was carried out for 30 
families of 9 E. occidentalis provenances.  Family seedlings germinated at the same 
time were planted in 3 less productive saline field trials in southern Western 
Australia, two with medium (583-847 mm) and one with low annual rainfall (372-
469 mm). Assessments under controlled experiments up to 550 mM NaCl were for 
survival, height, relative growth and final leaf proportion, whilst in the field 
measurements at age 9 and 33 months were of survival, height and diameter.  

Plant growth decline was the greatest under salt and waterlogging treatment, 
and families varied more under these conditions compared to other treatments.  
Waterlogging alone was not detrimental. In field trials, survival rates at 9 months 
within families were low (<58%) after passing through the dry season followed by 3 
months of sustained flooding at Kirkwood (38-1360 mSm-1 EC).  Survival was 
higher (>89%) after 33 months under high salt in Sandalwindy (96-976 mSm-1 EC) 
and Roberts (88 to 1424 mSm-1 EC), which did not have extreme waterlogging. 
Some families were ranked highly for height under both saline conditions in 
controlled tank and in field trials.  

Height had the highest narrow-sense heritability value, especially under 
controlled salt-waterlogging (0.85) and 20% selection enabled a gain of 8-14% under 
controlled conditions and in the field. Leaf production under salt was not an inherited 
trait. There was familial genetic correlation for height between salt and waterlogged 
tank conditions and field trials. Families from Red Lake Siding and Grass Patch were 
among the most salt tolerant in different environments.  
 
Additional keywords: gain, inherited trait, heritability value, tree 
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4.1 Introduction  

 
Secondary salinisation that degrades millions of hectares of land worldwide is 

in part caused by clearance of natural vegetation including forest and shrub land, and 

excessive irrigation for agriculture (Morris and Jenken, 1990; Barrett-Lennard, 

2003). Planting deep-rooted trees that tolerate salt and waterlogged conditions may 

assist in the control of salinity in recharge and discharge areas (Schofield, 1990; 

Marcar et al., 1995). Salt- and waterlogging-tolerant trees include several Eucalyptus 

species (Marcar and Crawford, 2004). Selection of salt and waterlogging tolerant 

genotypes needs to be undertaken.  Eucalyptus occidentalis is a prime candidate for 

salinity remediation, as described in Chapters 2 and 3 of this thesis.  

Controlled conditions are required to detect the expression of stress tolerance as 

the success of screening is determined by the amount of genetic variation that can be 

distinguished from environmental variation during the screening process (Lambert 

and Turner, 2000; Shannon, 1997). Genetic variation between provenances and 

families is evident in E. grandis, E. globulus and E. camaldulensis (Marcar et al., 

2002; Mahmood et al., 2003).  Therefore, screening and testing of E. occidentalis is 

required to examine the genetic component of variation at a family level.  

Generally, a larger proportion of genetic variation is present within 

provenances, rather than between provenances.  This is especially the case for many 

tree species. Eucalyptus occidentalis (Elliot and Byrne, 2003), E. camaldulensis 

(Butcher et al., 2002) and E. marginata (Wheeler et al., 2003) have variation within 

provenances of 94%, 92% and 97% respectively. In E. globulus (Jones et al., 2006) 

80.6% of genetic variation within a breeding population is due to family variation. It 

is expected that molecular variation within provenances will be reflected in variation 

of phenotypic traits. Morphological traits can be due to small changes of one or only 

a few genes through adaptation such as to stress conditions (Hines and Byrne, 2001)   

This should provide good opportunity to explore phenotypic-trait variation of 

families and even variation among individuals within families. With significant 

genotypic variation under salt and/or waterlogging (Zohar, 1982; Van der Moezel et 

al., 1991) and high molecular variation (94%) within provenances  (Elliot and Byrne, 

2003) selection for superior genotypes in E. occidentalis with high salt and 

waterlogging tolerance and high growth potential should be possible. 

Salt-tolerant genotypes are frequently screened under controlled conditions 

with containerized seedlings watered or flooded with a gradual increase in salt 
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concentration over several weeks. This approach provides uniform conditions and 

precise application of salt concentrations. Several tree genera (Clemens et al., 1983, 

Van der Moezel and Bell 1987, Craig et al. 1990) including Eucalyptus (Van der 

Moezel 1991; Sun and Dickinson, 1993; Marcar, 1993) have been screened using 

this method. Under controlled saline conditions, 75% of E. occidentalis seedlings 

survive under 80 mS cm-1 salt (≈ 800 mM Na Cl)  (Van der Moezel and Bell, 1987) 

and this reduces to 59% at 3500 mSm-1 (≈ 350 mM Na Cl) (Van der Moezel et al., 

1991). Growth is reduced to a third at 80 mS cm-1 salt (≈ 800 mM NaCl) (Van der 

Moezel and Bell, 1987) and to 20% at 3500 mSm-1 salt (≈ 350 mM NaCl) (Van der 

Moezel et al., 1991).  It is therefore worth testing this species at high salinity levels 

both under controlled conditions and in field trials. Symptoms of leaf damage in 

Eucalyptus occidentalis occur at around 300 mol m-3 (≈ 300 mM) (Marcar, 1989). It 

is expected that at higher salinity levels, these symptoms will increase and cause leaf 

death that will further differentiate salt and waterlogging tolerance between 

genotypes. 

Under controlled waterlogged conditions, all seedlings of E. occidentalis are 

alive after 5 weeks and most are still alive (83-100%) after 11 weeks (Van der 

Moezel et al., 1991; Mulcahy, 2005). Van der Moezel et al. 1991 found that growth 

is reduced by waterlogging to 47% after 4 weeks but later experiments with different 

materials reveal  height (117%), growth rate (115%) and biomass (180%) are 

improved over the drained control after 11 weeks (Mulcahy, 2005). However leaf 

death increases with waterlogging (167%) compared with drained conditions 

(Mulcahy, 2005). Tolerance of E. occidentalis under waterlogging therefore varies 

and screening using a wide range of plant origins should reveal the best performers. 

Previous saline field trials indicate good survival of E. occidentalis (Pepper and 

Craig, 1986; Benyon et al., 1999; Marcar et al., 2003) in sites classified as moderate 

to high (400-1300 mSm-1) or even severe salinity (≥1600 mSm-1) (Pepper and Craig, 

1986; Crawford and Marcar, 2004).  Survival is also excellent under waterlogged 

conditions (Van der Moezel et al., 1991; Mulcahy, 2005). These trials were with 

species or at best provenance level material, but the research here aims to examine 

greater resolution of genetic differences at the family level, with a higher 

concentration of salinity in order to distinguish genotypes under extreme conditions.   

Artificially controlled environments are useful to examine genetic variation, but 

the results may not be applicable to field conditions (Pepper and Craig, 1986). 

Unfortunately, yield in the field alone is not a reliable or efficient indicator for 
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selection of parental breeding lines (Yeo, 1983) due to substantial patchiness in 

waterlogging and salinity levels. Therefore confirmation of responses under 

controlled conditions with field testing is essential (Blum, 1988) and should be 

carried out.  

Whenever genetic variance exists, heritability is calculated from the ratio of 

genetic variance to total phenotypic variance (Van Buijtenen, 1992). Narrow-sense 

heritability of E. camaldulensis calculated from 120 families in a field trial on 

saltland (500-1000 mSm-1) at 23 months is 0.01 for height (Mahmood et al., 2003). 

However, there is no information of trait heritability in field trials of E. occidentalis. 

Based on 4 year field trials of other Eucalyptus, Harwood (2001) estimates narrow 

sense heritability of E. occidentalis to be in the range of 0.1 - 0.2 for height. Narrow-

sense heritability values under controlled salt and/or waterlogged conditions are quite 

high, as seen in E. grandis and E. globulus (Marcar et al., 2002). These species have 

high heritability values for shoot dry weight with 0.79 and 0.57 under waterlogged 

and 0.88 and 0.35 under salt-waterlogged conditions respectively. Screening under 

controlled conditions that provide a uniform environment will hopefully reveal high 

heritability values for E. occidentalis.  

Final assessments to select genotypes in tree breeding are usually carried out at 

less than half rotation, and attempts to carry them out at a much earlier stages are 

often unsuccessful (Eldridge et al., 1993). However assessments for resistance or 

tolerance are generally carried out at an early age, where plants are exposed to 

extreme situations in order to differentiate genotypes (Blum, 1998). Assessments of 

genetic variation within tree species have been successfully carried out in the field at 

a young age (2-4 years) for traits like frost tolerance in E. nitens (Tibbits and Hodge, 

2003). Success or failure in establishment and growth under harsh conditions are 

expected to occur earlier than under normal, favorable conditions.  

This experiment sought to identify superior genotypes from selected families 

under controlled salt and/or waterlogged conditions and to confirm these results in 

field trials using E. occidentalis. Thirty families from nine provenances screened (9 

out of 25) from an earlier experiment (Mulcahy, 2005) were examined. It was 

expected that 1) superior genotypes for salt and/or waterlogging tolerance would be 

revealed in family and individual level seedlings, 2) that these would be better than 

those identified at provenance level, and 3) that families identified in controlled 

conditions would be confirmed under field conditions.  
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4.2. Materials and methods 

Plant material 

 
Family seeds of E. occidentalis were collected using standard CSIRO protocols 

(Eldridge et al., 1993).  Seed families from across the natural range in Western 

Australia were germinated in December 2003 and grown in 64-miniplug (3.5 x 3.5 x 

5 cm) trays filled with potting mix (Premium P/CM, Baileys Fertilizers, Perth). 

Initial screening of 25 provenances was carried out for salt and/or waterlogging 

tolerance in March-June 2004 using a similar system to that of Mulcahy (2005). 

From this preliminary work, 30 families (14 and 15-Stirling, 20, 21, 108, 110, and 

111-Young river, 30, 34 and 36-Katanning, 52-Gordon River, 76-Truslove, 84, 85, 

86, 87 and 88-Beaufort River, 94 and 96-Lake Magenta, 136, 137 and 138-Grass 

Patch and 122, 124, 147, 148, 149, 150, 151 and 153-Red Lake Siding) grouped into 

nine provenances were chosen for further screening under controlled conditions. 

From these 30 families, some families were planted in 3 field trials in south Western 

Australia at Kirkwood (24 families), Roberts (24 families) and Sandalwindy (21 

families). Materials and methods for controlled screenings and field trials were 

largely the same as in Chapter 3 of this thesis.  

Screening experiment and field trial establishment 

 
Screening of E. occidentalis using controlled salt and waterlogged conditions 

was carried out as described in Chapter 3.  Field trial design and layout are also 

detailed in Chapter 3.  Locations, climate data and site conditions are described in 

Table 1. 

Table 1.  Site characters of saline Eucalyptus occidentalis field trials in Kirkwood, 
Sandalwindy and Roberts 

 
Site characters Kirkwood Sandalwindy Roberts 

Annual rainfall  583-847 mm 372-469 mm 583-747 mm 

Monthly temperature  
(mean daily maxima) 

14-27.3°C 14-30.3°C 14.0-27.3°C 

Monthly temperature  
(mean daily minima) 

5.7-14.9°C 4.9-15°C 5.7-14.9 C 

Altitude (above sea level) 187 m 256 m 300 m 
Longitude 117° 43' 21" E 117° 20' 25" E 117° 38' 9" E 
Latitude 34° 27' 38" S 33° 18' 27" S 34° 37' 30" S 
Site conditions during 
planting 

dry topsoil with 
no weed cover 

boggy patches some surface 
water between 

planting mounds 
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Kirkwood experienced a very hot, dry summer during the period after planting 

with mean daily maximum temperatures of 19.4-27.3° C for the months of October 

2004 to March 2005.  Major rainfall occurred in April-June 2005 (85-220 mm), July 

-August 2005 (37-78 mm). This high rainfall and very high clay content of the soil 

on the site caused flooding of the area by May and through winter to August 2005.  

Experimental design and statistical analysis 

 Data were recorded similar to Chapter 3 of this thesis but were analysed at 

family level rather than provenance level. Progeny within families were assumed to 

be half-sibs and co-efficient of relationship used for Eucalyptus was 0.4 (Eldridge et 

al. 1993; William et al., 2002). Non-destructive traits were used so that material 

could be used as parents in a breeding program. Data for controlled screening were 

analyzed using a two-way analysis of variance with Genstat 9.2 (VSN International, 

Oxford) with family and tank treatments as factors.  Ranking of salt and 

waterlogging tolerance was done by combining values of each trait (Survival, Height, 

Relative growth and Number of New Leaves) into one value, after weighting each of 

them equally and converting each value into a proportion (0-100%) based on the 

range of each trait. Survival used the family values. All 30 families were ranked and 

grouped on each trait in descending order and families that had values close to ‘0’ 

were in the lowest position in the range although their real values were not necessary 

zero. Family heritability values were obtained after calculating variance components 

derived from the expected mean squares from the analyses of variance (Van 

Buijtenen, 1992) while individual narrow-sense heritability values were calculated 

according to procedure described by William et al. (2002) by using analyses of 

variance (ANOVA) to estimate plot variance component and mixed-effects model of 

residual maximum likelihood (REML) analysis  to estimate family variance 

component  (provenance and replication as fixed- and family as random-effect 

models). Type A correlation was used for association between traits and for 

association between early and final assessment in the field similar to procedures used 

for juvenile-mature correlations. Type B genetic correlation with family heritability 

values for similar traits in different environments (Burdon, 1977) was used to 

genetically correlate height and relative growth under controlled conditions and in 

field trials. Multi-site analysis was calculated to examine family and site interaction. 

Breeding values and response to selection (Falconer, 1989; William et al., 2002) 
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were estimated using individual narrow-sense heritability values. Breeding values as 

the products of deviation from population mean (Falconer, 1989) and individual 

narrow-sense heritability were calculated for height, relative growth and final leaf 

proportions.  

4.3 Results 

4.3.1.  Screening under controlled glass house conditions 

Family survival 

Most plants of families survived in control and waterlogged conditions, but on 

average a quarter of salt-drained and two thirds of salt-waterlogged plants died 

(Table 2). Survival between families could not be analyzed due to the limited number 

of seedlings per replication. In salt treatments, the range in plant survival between 

families was substantial 50-100% for salt-drained and 10-80% for salt-waterlogged 

treatments. Some families that had high survival in salt-waterlogged also tended to 

have high survival in salt drained treatments including 94-Lake Magenta, 124-Red 

Lake Siding, 136-Grass Patch and 111-Young River. In contrast, some families that 

withstood the salt-drained treatments, like 14-Stirling and 21-Young River, did not 

perform well in salt-waterlogged conditions. Within provenance, between-family 

survivals also varied. The provenance Young River had the widest family-survival 

range with 111-Young River the highest (60%) and 110-Young River the lowest 

(10%) in salt waterlogged conditions. 

 

Family height 

 
Plants from families varied in height for all treatments. In general, plants from 

families from the east provenances, Grass Patch and Red Lake Siding, were taller in 

all treatments. There were 3 families (136-Grass Patch and 122- and 147-Red Lake 

Siding)  that tended to be taller in all treatments while others, such as 137-Grass 

Patch, and 124-, 150- and  153- Red Lake Siding,  performed best in most or some 

treatments (Table 3A). In contrast, some plants from families of the western 

provenances, Katanning, Beaufort, Lake Magenta and Stirling Range were always 

the shortest in all or most treatments (Table 3B). There was a lot of variation under 

the same treatment among plants from Young River. Some families were very tall 

while others were the shortest. Individuals in families such as 34-Katanning and 52-

Gordon River performed inconsistently across treatments and were the best in certain 
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treatments but worst in others. Variation amongst individuals within families was 

high for 153-Red Lake Siding in salt-drained and 147-Red Lake Siding in salt-

waterlogged treatments. The variation within these families was comparatively low 

under non-salt conditions.  

Family relative growth 

 
Relative growth of plants in families differed within each treatment. There were 

4 families from the western provenances 34-, 36-Kattaning and 86- and 88-Beaufort 

River that had the highest relative growth in all treatments. Families from Young 

River, Stirling and Truslove had the highest relative growth in some or most 

treatments (Table 4A). Five other families had inconsistent relative growth, these 

included 14-Stirling Range, 84-Beaufort River, 153-Red Lake Siding, 136-Grass 

Patch and 96-Lake Magenta which had the best relative growth in some and worst in 

other treatments (Table 4B). Under salt-drained conditions, families within 

provenances, such as Red Lake Siding and Beaufort River were very variable as 

some families were outstanding whilst others were the lowest. Variations between 

individuals were large in the families 153-Red Lake Siding in salt-drained and 86-

Beaufort River in salt-waterlogged treatments.  

Family final leaf proportion (%)  

 
Family final leaf proportion was generally consistent within treatments, except 

for salt-waterlogged. During the experiment, all families produced new leaves in the 

control and waterlogged treatments with final proportions of leaves ranging between 

157-269% in control and 135-259% in waterlogged conditions. Most families had 

less leaves following either salt treatment with similar proportions ranging between 

51-138% for salt-drained or 41-131% for salt-waterlogged. Differences between 

families were only found in salt-waterlogged conditions (Table 5). At the end of 

experiment, in salt-drained conditions, 53% of families still possessed >100% leaves 

but only 13% of families had >100% of leaves in the salt-waterlogged treatment.  

Among those, two eastern families, 136-Grass Patch and 76-Truslove had >100% of 

leaves in both salt treatments. 
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Table 2 Survival (%) of Eucalyptus occidentalis plants from various families in a 
screening trial under controlled conditions. 

        Survival (%)   

No Provenance Family Control Waterlogged  
Salt-
drained Salt- waterlogged  

1 Beaufort River  87 100 100 80 80 
2 Lake Magenta 94 100 100 90 80 
3 Red Lake Siding 153 80 100 70 70 
4 Gordon River  52 100 100 50 60 
5 Grass Patch 136 90 100 100 60 
6 Katanning 36 100 100 80 60 
7 Red Lake Siding 124 100 100 90 60 
8 Red Lake Siding 148 90 100 70 60 
9 Truslove 76 100 100 80 60 

10 Young River  111 100 100 90 60 
11 Grass Patch 137 100 100 90 50 
12 Grass Patch 138 90 100 80 50 
13 Katanning 30 100 100 70 50 
14 Katanning 34 90 100 100 40 
15 Lake Magenta 96 100 90 90 40 
16 Red Lake Siding 122 100 100 90 40 
17 Red Lake Siding 147 90 100 80 40 
18 Red Lake Siding 150 100 100 70 40 
19 Young River  21 100 100 90 40 
20 Beaufort River  84 100 100 90 30 
21 Beaufort River  86 90 100 80 30 
22 Beaufort River  88 100 100 80 30 
23 Red Lake Siding 151 80 100 60 30 
24 Stirling River  14 90 100 100 30 
25 Young River  20 90 100 60 30 
26 Young River  108 100 100 80 30 
27 Red Lake Siding 149 80 100 60 20 
28 Stirling River  15 100 90 50 20 
29 Beaufort River  85 90 90 60 10 
30 Young River  110 100 100 70 10 

  Mean 95 99 78 44 
    s.e. 1 0.6 3 3 
Between treatments: *** (lsd = 6) 
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Table 3.  A. The best 10 Eucalyptus occidentalis  families for height (mean ± s.e.) B. 
the worst 10 E. occidentalis families for height (mean ± s.e.) in a screening 
trial under controlled conditions (12 weeks at 550 mM salt) 

 
A. The best 10 families for height 

A. Control   Waterlogged Salt-drained   Salt -waterlogged  

 Family Height Family Height Family Height Family Height 

1. Red-151 55 ± 4 Red-148 51 ± 2 Red-122 40 ± 2 Red-147 53 ± 13 

2. Grass-136 54 ± 6 Red-147 48 ± 4 Red-153 35 ± 12 Red-122 47 ± 6 

3. Red-147 53 ± 5 Red-149 46 ± 3 Grass-137 33 ± 2 Red-148 45 ± 9 

4. Young-108 52 ± 2 Red-122 46 ± 2 Grass-138 35 ± 6  Red-137  44 ± 9  

5. Trus-76 51 ± 3 Grass-136 45 ± 3 Red-150 35 ± 5 Red-150 43 ± 5 

6. Grass-138 51 ± 2 Red-150 44 ± 3 Grass-136 31 ± 2  Red-151 42 ± 5 

7. Red-148 50 ± 4 Red-124 43 ± 3 Red-147 37 ± 8 Grass-136 41 ± 3 

8. Red-153 50 ± 1  Grass-138 41 ± 3 Red-124 30 ± 2 Red-153 39 ± 1 

9. Red-122 49 ± 4 Grass-137 40 ± 3 Young-108 29 ± 2 Young-20 36 ± 5 

10. Gord-52# 49 ± 3 Red-151 40 ± 3 Katt-34# 28 ± 0.2 Red-124 35 ± 5 

 Mean 51.4  44.4  32.1  42.4 

 
B. The worst 10 families for height 

B. Control   Waterlogged Salt-drained Salt -waterlogged 

 Family Height Family Height Family Height Family Height 

1. Kat-30 42 ± 2 Beauf-86† 32 ± 1 L Mag-94 24 ± 0.9 Kat-30 28 ± 2 

2. Beauf-85† 41 ± 4 Beauf-84 31 ± 2 Gord-52# 24 ± 1 Beauf-86† 28 ± 6 

3. L Mag-94† 41 ± 3 Young-21† 30 ± 2 Beauf-84 23 ± 1 Kat-34# 27 ± 2 

4. Beauf-88 37 ± 4 Beauf-85† 29 ± 2 Kat-30 22 ± 2 L Mag-96 27 ± 4 

5. Beauf-84 36 ± 3 Kat-30 28 ± 2 L Mag-96 22 ± 1 Stirl-15† 24 ± 2 

6. L Mag-96 35 ± 2  L Mag-96 27 ± 2 Kat-36 21 ± 2 Young-21† 23 ± 1 

7. Stirl-14 35 ± 4 L Mag-94† 26 ± 5 Beauf-86† 21 ± 1 Beauf-84 22 ± 3 

8. Young-21† 33 ± 3 Kat-36 25 ± 3 Stirl-15† 20 ± 2 Beauf-88 21 ± 2 

9. Kat-36 32 ± 3 Beauf-88 24 ± 2 Beauf-88 19 ± 1 Kat-36 20 ± 1 

10. Stirl-15† 31 ± 2 Stirl-14 20 ± 2 Stirl-14 16 ± 0.25 Stirl-14 19 ± 4 

 Mean 36.3  27.2  19.3  23.6 

         
Between treatments: *** 
Families (Control):  ***, lsd = 7.5                            Families (Salt-drained): ***, lsd = 4.4, 
Families (Waterlogged): ***, lsd = 6.5                    Families (Salt-waterlogged): ***, lsd = 6.2 
 
Bold              = Best in all treatments 
Underlined    = Best in most/some treatments 
Italics            = Worst in all treatments 
†                    = Worst in most/some treatments 
#                   = Families as the best in one  

treatment but worst in other 
treatment 

 
Red       = Red Lake Siding 
L Mag   = Lake Magenta 
Grass    = Grass Patch 
Young   = Young River 
Trus      = Truslove 
 

 
Kat       = Katanning 
Beauf   = Beaufort River 
Stirl      = Stirling Range 
Gord     = Gordon 
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Table 4.  A. The best 10 Eucalyptus occidentalis families for relative growth (mean ± 
s.e.) B. the worst 10 E. occidentalis families for relative growth (mean ± 
s.e.) in a screening trial under controlled conditions. 

 
A. The best 10 families in relative growth 

A. Control   Waterlogged   Salt-drained Salt -waterlogged 

 Family 
Rel. 

growth (%) Family 

Rel. 
growth 

(%) Family 
Rel. 

growth (%) Family 

Rel. 
growth 

(%) 

1. Kat-36 403 ± 43 Kat-36 234 ± 26 Red-153 203 ± 73 Beauf-86 199 ± 47 

2. Stirl-14# 269 ± 24 Stirl-15 203 ± 22 Kat-36 157 ± 7 Kat-34 151 ± 3 

3. Beauf-88 261 ± 17 Trus-76 200 ± 18 Stirl-14# 152 ± 9 Beauf-88 150 ± 11 

4. Beauf-85 253 ± 44 Kat-30 185 ± 20 Stirl-15 141 ± 18 Trus-76 149 ± 11 

5. Kat-34 250 ± 18 Beauf-86 181 ± 14 Kat-34 139 ± 3 Kat-36 147 ± 16 

6. Young-21 250 ± 14 Young-108 180 ± 37 Red-150 137 ± 8 Beauf-85 147 ± 27 

7. Trus-76 249 ± 18 Kat-34 179 ± 3 Beauf-86 136 ± 7 Stirl-15 147 ± 7 

8. Young-108 234 ± 10 Stirl-14# 176 ± 10 Beauf-88 136 ± 8 Kat-30 147 ± 6 

9. Young-111 233 ± 22 Beauf-84# 174 ± 13 Beauf-84# 134 ± 11 L Mag-96# 141 ± 7 

10. Beauf-86 229 ± 16 Beauf-88 173 ± 11 Red-151 134 ± 4 Grass-136# 137 ± 4 

 Mean 263  189  147  151 

 
B. The worst 10 families in relative growth (RG) 

B. Control   Waterlogged   Salt-drained Salt -waterlogged 

 Family RG (%) Family RG (%) Family RG (%) Family RG (%) 

1. Grass-136# 192 ± 18 L Mag-96# 150 ± 8 Beauf-87 119 ± 7 Gord-52 126 ± 5 

2. L Mag-94
†
 190 ± 6 Grass-137 149 ± 15 Young-20 118 ± 8 Red-153

†
 126 ± 3 

3. Young-20 189 ± 9 Red-148 147 ± 15 Red-124 118 ± 7 Grass-137 126 ± 6 

4. Young-110 182 ± 21 Red-149 147 ± 8 Red-147
†
 117 ± 5 Beauf-84# 125 ± 13 

5. Red-153
†
 179 ± 9 L Mag-94

†
 142 ± 14 Grass-137 117 ± 6 Red-149 122 ± 4 

6. Red-147
†
 176 ± 14 Red-147

†
 141 ± 5 Red-122

†
 113 ± 4 Red-148 121 ± 4 

7. Grass-137 167 ± 10 Young-20 139 ± 7 Red-149 113 ± 7 Stirl-14# 119 ± 19 

8. Red-148 166 ± 7 Red-122
†
 136 ± 8 Red-148 113 ± 6 Young-20 119 ± 2 

9. Grass-138 158 ± 3 Young-110 133 ± 7 Young-110 112 ± 2 Grass-138 115 ± 5 

10. Red-149 145 ± 8 Grass-138 125 ± 11 Grass-138 106 ± 8 Young-110 114 ± 2 

 Mean 174.4  140.9  114.6  121.3 

         
Between treatments: *** 
Families (Control): ***,  lsd = 47                            Families (Salt-drained): ***, lsd = 24 
Families (Waterlogged): ***, lsd = 38                    Families (Salt-waterlogged): * , lsd = 33.3 

Bold             = Best in all treatments 
Underlined   = Best in most/some treatments 
Italics           = Worst in all treatments 
†                   = Worst in most/some treatments 
#                  = Families as the best in one  treatment 

but worst in other treatment 

Red       = Red Lake Siding 
L Mag   = Lake Magenta 
Grass    = Grass Patch 
Young   = Young River 
Trus      = Truslove 
 

Kat       = Katanning 
Beauf   = Beaufort River 
Stirl      = Stirling Range 
Gord     = Gordon 
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Table 5.  Final proportion of leaves (Final/Initial x 100%) remaining on Eucalyptus 
occidentalis plants from various families screened under controlled 
conditions (Mean ± s.e )  

 
   Final leaf proportion (%)  

Provenance Family Control Waterlogged Salt-drained Salt-waterlogged 

Truslove 76 226 ± 11 202 ± 17 103 ± 19 131 ± 17 

Grass Patch 136 194 ± 23 178 ± 15 137 ±18 129 ± 12 

Lake Magenta  94 212 ± 19 166 ± 20 112 ± 16 108 ± 18 

Gordon River 52 260 ± 19 214 ± 13 74 ± 22 100 ± 11 

Red Lake Siding 153 180 ± 34 184 ± 27 88 ± 21 94 ± 8. 

Beaufort River 87 254 ± 31 259 ± 46 99 ± 15 94 ± 13 

Katanning 30 226 ± 20 222 ± 22 99 ± 21 92 ± 18 

Katanning 34 177 ± 25 201 ± 28 108 ± 14 91 ± 18 

Young River 111 245 ± 31 184 ± 19 99 ± 15 91 ± 19 

Beaufort River 86 186 ± 25 196 ± 20 112 ± 18 87 ± 13 

Grass Patch 137 251 ± 28 197 ± 20 115 ± 13 86 ± 18 

Katanning 36 241 ± 22 184 ± 16 92 ± 18 82 ± 23 

Lake Magenta  96 221 ± 29 135 ± 20 123 ± 16 82 ± 17 

Red Lake Siding 124 214 ± 23 192 ± 28 114 ± 17 80 ± 12 

Red Lake Siding 150 200 ± 20 162 ± 16  114 ± 19 79 ± 16 

Red Lake Siding 148 274 ± 57 177 ± 29 51 ± 15 77 ± 14 

Young River 21 269 ± 40 181 ± 18 132 ± 11 76 ± 22 

Red Lake Siding 149 157 ± 32 159 ± 12 51 ± 22 76 ± 20 

Beaufort River 84 254 ± 30 223 ± 15 110 ± 16 69 ± 20 

Beaufort River 88 260 ± 22 172 ± 15 103 ± 17 69 ± 13 

Red Lake Siding 151 244 ± 38 223 ± 28 69 ± 27 69 ± 13 

Young River 20 212 ± 30 217 ± 16 103 ± 28 66 ± 11 

Grass Patch 138 183 ± 25 133 ± 13 85 ± 15 62 ± 17 

Young River 108 253 ± 17 223 ± 43 105 ± 10 61 ± 18 

Beaufort River 85 201 ± 28 224 ± 42 85 ± 17 61 ± 17 

Red Lake Siding 122 265 ± 32 221 ± 47 107 ± 18 61 ± 14 

Stirling Range 15 203 ± 17 188 ± 26 62 ± 20 60 ± 14 

Red Lake Siding 147 268 ± 35 222 ± 20 95 ± 20 60 ± 20 

Stirling Range 14 217 ± 29 205 ± 18 138 ± 8 60 ± 18 

Young River 110 240 ± 20 156 ± 12 99 ± 17 41 ± 15 

      

 Mean 237 195 117 101 

 s.e. 6 5 4 4  
Between treatments: ***, lsd = 47 
Families  (Salt-waterlogging):  ***, lsd = 32 
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Table  6.  Number of trees (N), trait mean values (μ), estimates of phenotypic 
variances (σ2

P ), additive genetic variances (σ2
A ), individual narrow sense  

heritability (h2= σ2
A / σ

2
P  with standard error) and genetic coefficients of 

variation (CVA =  σA / μ ) of 30 Eucalyptus occidentalis families tested 
under controlled conditions.  

 
 N (μ) σ2

P σ2
A h2 CVA 

Height       
Control 287 45 95.8 30 0.31± 0.18 0.12 
Waterlogged 298 36 78.3 33.6 0.22± 0.22 0.16 
Salt-drained 251 30.9 126.7 27.5 0.43± 0.22 0.17 
Salt-waterlogged 235 33.3 49.9 42.5 0.85± 0.36 0.19 

Relative Growth       
Control 287 216.3 4222.2 2877.5 0.68± 0.28 0.25 
Waterlogged 298 163.2 1815.2 127.7 0.07± 0.06 0.07 
Salt-drained 251 130 0.1 0.03 0.25± 0.24 0.00 
Salt-waterlogged 237 135.4 1140.7 38.7 0.03± 0.03 0.05 

Final leaf proportion       
Control 287 237 5939.8 730 0.12 (ns) - 
Waterlogged 298 195 5389.8 635 0.12 (ns) - 
Salt-drained 251 117 1564.7 17.5 0.01 (ns) - 
Salt-waterlogged 237 101.6 1102.5 102.5 0.09 ± 0.08 0.10 
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Narrow-sense individual heritability 

 
Narrow sense individual heritability values indicated that plant height was 

highly heritable, especially under salt-waterlogging selection (Table 6). Relative 

growth also showed large heritability values in the control and a lower value under 

salt-drained conditions. All other heritability values were very low or not significant. 

 
Genetic correlation between traits 
 
 Genetic correlations between traits were very low (0.1) and only noticed 

under non-salt controlled conditions between height and final leaf proportion (R = 

0.1) and between Relative growth and Final leaf proportion (R = 0.1). 

 
Estimated breeding values of traits    
 

Individuals in families from Red Lake Siding and Grass Patch had the highest 

breeding values for height (Table 7). Eleven families with the highest breeding 

values were from these 2 provenances.  These families had breeding values grater 

than 8. In some families, the shortest individuals were even higher than the 

population mean and therefore had high breeding values. In addition to height, some 

of these families had a large proportion of individuals (50-70%) survive 550 mM salt 

conditions.  Although  individuals from other families such as 20- and 111-Young 

River and 85- and 87-Beaufort River also demonstrated high breeding values of >9.5, 

there was considerable variation of individual performance within those families, 

with some having minimum heights <30 cm. In general, breeding values for relative 

growth and final leaf proportion were low across families. Some of the high breeding 

values for relative growth were from families collected from western populations 

including Katanning, Beaufort River and Lake Magenta and from Young River and 

Katanning for final leaf proportion. 
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Table 7.  Family performances and  breeding values for height within families of 
Eucalyptus occidentalis calculated with heritability value from 30 families 
(0.85)  under salt-waterlogging treatment (550mM)  

 
Provenance  Family  Mean Minimum Maximum 

Red Lake Siding 147 53 11.9 23.0 

Red Lake Siding 122 47 7.0 15.3 

Red Lake Siding 148 45 3.9 20.9 

Grass Patch 137 44 2.1 15.3 

Red Lake Siding 150 43 -0.9 17.9 

Red Lake Siding 151 43 4.6 10.2 

Red Lake Siding 149 42 1.7 13.6 

Grass Patch 136 41 0.0 13.1 

Grass Patch 138 39 1.7 7.6 

Red Lake Siding 153 39 -3.0 10.2 

Young river 20 36 -3.6 9.4 

Red Lake Siding 124 35 -2.5 11.0 

Young river 110 34 -1.7 3.4 

Beaufort river 87 34 -6.0 9.4 

Young river 111 33 -5.5 8.5 

Young river 108 33 -3.4 4.3 

Gordon river 52 30 -7.6 5.5 

Truslove 76 28 -8.1 0.9 

Lake Magenta  94 28 -13.1 4.3 

Beaufort river 85 28 -17.9 8.9 

Beaufort river 86 28 -11.9 -5.1 

Katanning 34 27 -9.4 -0.4 

Katanning 30 27 -12.8 0.9 

Lake Magenta  96 24 -12.8 -3.7 

Stirling  15 24 -14.5 0.4 

Beaufort river 84 23 -16.6 -2.1 

Young river 21 23 -10.6 -5.1 

Beaufort river 88 21 -15.3 -3.9 

Katanning 36 20 -14.0 -4.3 

Stirling  14 19 -14.5 -2.5 

    33.3     
Bold = best breeding values  
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Table 8. Responses  to selection (genetic gain) of Eucalyptus occidentalis on height, 
relative growth and final leaf proportion  of  treatments under controlled 
glasshouse  experiments; Population height mean, number of total 
individuals (N),  number of individuals  retained after 20% selection, 
selection intensity (i), height of selected individuals, phenotypic standard 
deviation (σP), individual narrow sense heritability (h2), genetic gain (%) 

 
 

Trait 
 

Pop 
mean 
(cm) 

 
 

N 

20%  
re- 

tained 

 
 
i 

 
Cri 
teria 

 
 
σP 

 
 

h2 

Responses 
to 

selection 
(Gain) 

(%) 

         

Height      (cm)    
Control 45 287 57 1.4 >54 9.8 0.31± 0.18 4 
Waterlogged 36 298 60 1.4 >45 8.8 0.22± 0.22 3 
Salt-drained 30.9 251 50 1.4 >35 11.2 0.43± 0.22 8 
Salt-waterlogged 33.3 235 47 1.4 >47 7.1 0.85± 0.36 8.5 

         
Relative Growth     (%)    

Control 216.3 287 57 1.4 >266 64.9 0.68± 0.28 62 
Waterlogged 163.2 298 60 1.4 >200 42.9 0.07± 0.06 4 
Salt-drained 130 251 50 1.4 >148 0.32 0.25± 0.24 0.1 
Salt-waterlogged 135.4 237 48 1.4 >151 33.7 0.03± 0.03 1.4 

         
Final leaf proportion     (%)    

Control 237 287 57 1.4 >283 - 0.12 (ns) - 
Waterlogged 195 298 60 1.4 >244 - 0.12 (ns) - 
Salt-drained 117 251 50 1.4 >150 - 0.01 (ns) - 
Salt-waterlogged 101.6 237 48 1.4 >130 33.2 0.09± 0.08 4 
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Response to selection 

Under 20% selection of the best performers (48-60 individuals) there was an 

8% increase in height under salt-waterlogging treatment and 8% under salt-drained 

treatment for the next generation. Gain for relative growth was high under control 

(62%) and gain for final leaf proportion was generally low with only 4% under salt-

waterlogging.   

Family combined treatments 

 
The actual mean ± s.e. values for the individual traits have been presented, 

while ranking of families using combined trait values for 10 best and 10 worst 

families was done to indicate salt and waterlogging tolerant families to select parents 

for crossing. Some families stood out when equally weighted values for survival, 

height, relative growth and final leaf proportion were combined. Family 147-Red 

Lake Siding was the best in all treatments (Fig. 1A). Indeed, most high-performing 

families (122- 147-, 148-, 150-, 151- and 153-Red Lake Siding) came from Red Lake 

Siding. Truslove-76, the only family to represent its provenance was outstanding in 

waterlogged, salt-drained and salt-waterlogged conditions. Four families were very 

prominent under salt conditions; 136-Grass Patch and 153- and 147-Red Lake Siding 

and 76-Truslove.  Some families were consistently weak performers (Fig. 1B) and 

138-Grass Patch was the worst in all treatments. Other families had contrasting 

performances and 20-Young River was the worst in control and salt-waterlogged but 

top in salt-drained treatments. Family 14-Stirling Range was always amongst the 

worst but as one of the best performers in salt-drained and family 148-Red Lake 

Siding, which was one of the best in waterlogging was the worst in salt-drained 

conditions.  
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Figure 1. A. The best 10 and B. The worst 10 E. occidentalis families based on combined trait values within each treatment for control, waterlogged, 
salt-drained and salt-waterlogged 

A. The best 10 families in combined trait values (%)
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B. The worst 10 families in combined trait values (%)

0

100

200

300

400

14
-S

tir
l

20
-Y

ou
ng

85
-B

eu
f

86
-B

ea
uf

13
8-

G
ra

ss

34
-K

at
t

94
-L

 M
ag

96
-L

 M
ag

14
9-

R
ed

15
-S

tir
l

15
3-

R
ed

11
1-

Y
ou

ng

14
9-

R
ed

14
-S

tir
l

21
-Y

ou
ng

88
-B

ea
uf

11
0-

Y
ou

ng

13
8-

G
ra

ss

94
-L

 M
ag

96
-L

 M
ag

86
-B

ea
uf

88
-B

ea
uf

15
-S

tir
l

52
-G

or
d

87
-B

eu
f

14
8-

R
ed

13
8-

G
ra

ss

14
9-

R
ed

11
0-

Y
ou

ng

85
-B

eu
f

10
8-

Y
ou

ng

52
-G

or
d

21
-Y

ou
ng

13
8-

G
ra

ss

85
-B

eu
f

14
-S

tir
l

88
-B

ea
uf

15
-S

tir
l

20
-Y

ou
ng

11
0-

Y
ou

ng

Control                                          Waterlogged                                      salt-drained                                         Salt-waterlogged

C
o

m
b

in
e

d
 tr

a
it 

va
lu

e
s 

(%
)

Relative growth (%)
Height (%)
Final leaves (%)
Survival (%)



Chapter 4 
______________________________________________________________________________________________________ 

 94 

4.3.2  Field trials 

 
Environmental  
 
Soil conditions 
 

Salinity varied greatly across the field sites. Sandalwindy had non-saline (96 

mSm-1) to high (976 mSm-1) salinity in May and slight to moderate levels (200-700 

mSm-1) in August 2005. Roberts had higher levels of salinity than Sandalwindy 

ranging from 88 to 1424 mSm-1.  Only a few samples could be taken at Kirkwood 

because of the flooding, and they indicated a range of salinity from 38 - 1360 mSm-1.  

The pH of soil at Roberts and Sandalwindy ranged from 5.16 - 6.66 and 5.21-7.55 

respectively, while Kirkwood had the highest pH at 6.52 - 8.17.  

 
Temperature and rainfall  

An increase in maximum monthly temperature occurred in all locations when 

plants were 8 months-old (March 2005), with an increase of 2ºC at Sandalwindy 

(27.8 - 30ºC) and Roberts (24.9 - 27ºC) and  4ºC  at Kirkwood (23.5 - 27.3ºC) 

(Bureau of Meteorology, WA). This was followed by large rainfall events with 

higher than mean monthly rainfall for 3.5 months from March to the middle of June 

2005 at Roberts and Sandalwindy. In April 2005, 4 times the mean monthly rainfall 

fell at Roberts and 5 times the mean at Kirkwood and 2 times the mean in May 2005 

at Sandalwindy (Bureau of Meteorology, WA) (Fig. 2). When the first measurements 

of trials were conducted at 9 months in May 2005, the site in Kirkwood was under 

water, but not at Roberts and Sandalwindy.  For the following four months until 

August 2005, most of the site at Kirkwood was inundated with water. 
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Figure 2.  Mean monthly rainfall (20 years) and  mean monthly rainfall in 2004 and 
2005 at Sandalwindy, Roberts and Kirkwood. Data were retrieved from 
the nearest weather stations Wagin, Rocky Gully and Mt. Barker 
respectively (Bureau of Meteorology, Western Australia) 
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Table 9.      Survival of Eucalyptus occidentalis (mean ± s.e.) plants at family level  
in field trials at  Roberts and Sandalwindy at age 9 and 33 months and at 
Kirkwood at age 9 months  

 

Fam Provenance 
Survival (%) 

at Sandalwindy  
Survival (%) 
at Roberts   

  Survival (%) 
 at Kirkwood 

    
9 

months 
33 

months  
9  

months 
33  

months  
9  

months 

20 Young River 100 ± 0 100 ± 0  87 ± 8 80 ± 13  33 ± 18 

30 Katanning 100 ± 0 100 ± 0  87 ± 8 87 ± 8  0 ± 0 

96 Lake Magenta  100 ± 0 100 ± 0  93 ± 7 93 ± 7  20 ± 8 

108 Young River 100 ± 0 100 ± 0  80 ± 13 80 ± 13  60 ± 19 

111 Young River 100 ± 0 100 ± 0  80 ± 8 80 ± 8  47 ± 23 

151 Red Lake Siding 100 ± 0 100 ± 0  100 ± 0 100 ± 0  40 ± 16 

153 Red Lake Siding 100 ± 0 100 ± 0  87 ± 8 87 ± 8  67 ± 21 
122 Red Lake Siding 80 ± 8 60 ± 13  93 ± 7 87 ± 13  20 ± 13 

137 Grass Patch 73 ± 19 67± 18  100 ± 0 93 ± 7  47±16 
150 Red Lake Siding 80 ± 8 73 ± 13  93 ± 7 93 ± 7  33 ± 21 
86 Beaufort River 93 ± 7 80 ± 13  93 ± 7 87 ± 13  47 ± 17 

149 Red Lake Siding 80 ± 13 80 ± 13  100 ± 0 100 ± 0  47 ± 15  
84 Beaufort River 93 ± 7 80 ± 8  87 ± 8 87 ± 8  40 ± 19 

76 Truslove 87 ± 8 87 ± 8  100 ± 0 100 ± 0  7  ± 7 

88 Beaufort River 100 ± 0 87 ± 8  93 ± 7 93 ± 7  27 ± 19 
124 Red Lake Siding 87 ± 8 87 ± 8  73 ± 13 67 ± 15  53 ± 20 

147 Red Lake Siding 87 ± 8 87 ± 8  100 ± 0 100 ± 0  53 ± 13 

14 Stirling Range 100 ± 0 93 ± 7  93 ± 7 93 ± 7  40 ± 19 

85 Beaufort River 93 ± 7 93 ± 7  100 ± 0 100 ± 0  60 ± 12 
94 Lake Magenta  93 ± 7 93 ± 7  73 ± 16 73 ± 16  33 ± 21 
148 Red Lake Siding 93 ± 7 93 ± 7  80 ± 8 80 ± 8  27± 8   

136 Grass Patch     100 ± 0 100 ± 0    
110 Young River     87 ± 8 87 ± 13  53 ± 23 
21 Young River     73 ± 7 67 ± 11  20 ± 8 
52 Gordon River         13  ± 8 
87 Beaufort River         27 ± 12 
34 Katanning         47 ± 13 
15 Stirling Range           60 ± 16 

 Mean 92 90  90 89  58 
 
Family (Sandalwindy) :  2005 ns,  2007 ns       
Block (Sandalwindy) : 2005 ***, 2007 **,  lsd 2005  = 22, lsd 2007 = 38.3 
Family (Roberts): 2005 ns,  2007 ns        
Family (Kirkwood): 2005 ***,  lsd = 27.3           Block (Kirkwood) 2005: ***, lsd = 12.2 
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Family survival 

 
Survival did not vary among families (Table 9) except in Kirkwood.  At 33 

months, all plants in seven families survived at Sandalwindy (20, 108 and 111-

Young River, 151 and 153-Red Lake Siding, 30-Katanning and 96-Lake Magenta) 

and six families at Roberts (137–Grass Patch, 147, 149 and 151- Red Lake Siding, 

76-Truslove and 85-Beaufort). In one family, 151-Red Lake Siding, all plants 

survived at both sites. There was variation in survival between blocks at both 

Sandalwindy and Kirkwood. 

Family height 

 
At 33 months, families from provenances Red Lake Siding (148, 150, 151 

and 153), Beaufort (84 and 88) and Lake Magenta (94) were the tallest at 

Sandalwindy. While families from provenances Red Lake Siding (149, 150, 153), 

Beaufort (85) and Grass Patch (136) were the tallest at the Roberts site. Among 

them, two families from Red Lake Siding; 150 and 153, were consistently tall at both 

sites (Table 10). In more severe conditions at Kirkwood, families from Red Lake 

Siding (150 and 153) and 94-Lake Magenta were also taller. In all locations, blocks 

varied considerably for height. 

Family diameter 

 
Families from Beaufort River (85, 84, 86), had the biggest diameter in 

Sandalwindy, followed by Red Lake Siding (150, 153 and 148) and Grass Patch 

(137). While Truslove (76) and Katanning (30) were the thinnest (Fig. 3). At 

Roberts, families from Beaufort River (85, 84 and 86), Red Lake Siding (149, 153, 

122 and 147) and Grass Patch (137 and 136) had the biggest diameter and all 

families from Young River (108, 110,20, 21 and 111) were the thinnest.  
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Table  10.  Height of Eucalyptus occidentalis plants at family level in field trials at  
Sandalwindy    (21 families) and Roberts (22 families) at 9 and 33 
months, and Kirkwood (24 families) at 9 months 

 

Sandalwindy  Roberts  Kirkwood 
Height (cm)  Height (cm)  Height (cm) 

Family Provenance 
9  

months 
33 

months  
9 

months 
33 

months  
9 

months 

153 Red Lake Siding 100 ±16  344 ± 22  92± 4 350 ± 11  98 ± 7 
149 Red Lake Siding 99 ± 12 320 ± 13  98 ± 5 385 ± 4   
147 Red Lake Siding 99 ± 8 293 ± 12  90 ± 8 320 ± 7  82 ± 7 
151 Red Lake Siding 98 ± 9 330 ± 16  86 ± 10 344 ± 11  95 ± 14 
124 Red Lake Siding 92 ± 14 321 ± 24  80 ± 10 357 ± 18  88 ± 12 
94 Lake Magenta  91 ± 7 312 ± 15  61 ± 11 325 ± 35  102 ± 18 
150 Red Lake Siding 87 ± 9 334 ± 17  79 ± 10 377 ± 21  124 ± 11 
88 Beaufort River 85 ± 14 332 ± 11  59+6 286+21  65 ± 6 
122 Red Lake Siding 82 ± 11 311 ± 17  86 ± 6 312 ± 17  82 ± 16 
86 Beaufort River 78 ± 6 313 ± 12  65 ± 5 349 ± 2  66 ± 7 
108 Young River 77 ± 8 286 ± 16  55 ± 8 314 ± 20  82 ± 5 
84 Beaufort River 74 ± 7 343 ± 30  54 ± 9 334 ± 12  66 ± 7 
148 Red Lake Siding 74 ± 10 341 ± 18  86+8 382+67   
111 Young River 71 ± 9 326 ± 21  47 ± 4 315 ± 22  80 ± 12 
20 Young River 71 ± 9 304 ± 8  55 ± 5 310 ± 18  49 ± 6 
76 Truslove 68 ± 10 295 ± 19  59 ± 5 341 ± 13  40 ± 0 
137 Grass Patch 66 ± 11 325 ± 5  70 ± 4 348 ± 20  90 ± 8 
14 Stirling Range 62 ± 10 289 ± 10  62 ± 8 320 ± 3  48 ± 6 
30 Katanning 58 ± 6 303 ± 20  66 ± 4 365 ± 9   
96 Lake Magenta  57 ± 8 317 ± 15  68 ± 3 278 ± 13  80 ± 13 
85 Beaufort River 53 ± 5 347 ± 9  70 ± 4 349 ± 12  70 ± 12 
136 Grass Patch    86 ± 10 356 ± 26   
110 Young River    65 ± 12 318 ± 10  78 ± 9 
21 Young River    44 ± 6 262 ± 17  57 ± 14 
87 Beaufort River       53 ± 14 
52 Gordon River       38 ± 8 
15 Stirling Range       82 ± 6 
34 Katanning       97 ± 13 

 Mean 78 318  71 336  77 
 
Sandalwindy:    Family height  2005 ***,  2007 ***, lsd 2005 = 21, lsd 2007 = 15.6  
                         Block 2005 ***, lsd = 7.7 
Roberts:           Family  height: 2005 ***, 2007 ***,  lsd 2005 = 20.3,  lsd 2007 = 54 
                         Block 2007 ***, lsd = 16 
Kirkwood:         Family:***,  lsd = 14,     Block: ***, lsd = 5.8 
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Figure  3.      Diameter of Eucalyptus occidentalis plants at family level in field trials 
at Sandalwindy and Roberts at 33 months 
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Table 11.   Number of trees (N), trait mean values (μ), estimates of phenotypic 
variances (σ2

P ), additive genetic variances (σ2
A ), individual narrow sense  

heritability (h2= σ2
A / σ

2
P  with standard error) and genetic coefficients of 

variation (CVA =  σA / μ )of 21 Eucalyptus occidentalis families tested in 
saline field trials at Sandalwindy and Roberts at 9 and 33 months 

 
 N (μ) σ2

P σ2
A h2 CVA 

Height        
9 months       

Sandalwindy 291 78.3 820 236.7 0.3 ± 0.2 0.19 
Roberts 283 71.4 275 24.5 0.1 ± 0.15 0.07 

33 months       
Sandalwindy 244 318 2230 155 0.07 (ns) 0.04 

Roberts 258 336 2645 590 0.2 ± 0.2 0.07 
Relative Growth       
(9 - 33 months)       

Sandalwindy 244 323 25935 1985 0.07 (ns) 0.13 
Roberts 258 413 24022 9075 0.04 ± 0.2 0.23 

Diameter       
(33 months)       

Sandalwindy 244 37.5 134 9.7 0.07 (ns) 0.08 
Roberts 258 39.4 159.3 32.2 0.2 ± 0.2 0.14 
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Narrow-sense individual heritability 

 
Individual heritability for height, relative growth and diameter were not so high 

in both locations. Heritability for height was higher in Sandalwindy at 9 months, but 

at 33 months, in general, Roberts had bigger values than Sandalwindy (Table 11). 

  

Estimated breeding values of traits    
 

Breeding values for height showed all families from Red Lake Siding had high 

maximum breeding values >16 (Table 12). Two families (148- and 149-Red Lake 

Siding) possessed individuals which were nearly all higher than the population mean. 

Other families with high maximum values were 85- and 86- Beaufort, 137-Grass 

Patch and 30-Katanning. Families with high breeding values for relative growth were 

from 6 provenances included 5 families from Red Lake Siding, 1 family from Grass 

Patch and 3 families from Beaufort.   High breeding values for diameter (>4) were 

found in families from Beaufort (84-,85- and 86-) most families from Red Lake 

Siding, family 137-Grass Patch and 94-Lake Magenta. Families that had high 

breeding values for all 3 traits were 149-, 150- and 153-Red Lake Siding, 137-Grass 

Patch and 85- and 86-Beaufort. 

 

Genetic gain  

Height had showed large gains after selection in Roberts field trial while 

relative growth and diameter had low gains.  When 20% of individuals with height 

>391 cm (18% taller than population mean) were selected, 14% gain in the next 

generation was expected (Table 13). 
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Table 12.  Mean height (cm) number of individuals to survive, range of height 
performances and their breeding values on height within Eucalyptus 
occidentalis families, calculated with narrow-sense individual 
heritability value (0.2) from 21 families in Roberts field trial 

 
 
    Height Breeding values 

Family  Provenance 
mean 
(cm) Minimum Maximum 

149 Red Lake Siding 386 2.4 20 

148 Red Lake Siding 382 -0.6 18.2 

150 Red Lake Siding 376 -21 29.2 

30 Katanning 365 -59.8 20.8 

124 Red Lake Siding 357 -25.2 17.4 

153 Red Lake Siding 350 -10.8 19.8 

85 Beaufort River  349 -13.6 22.4 

86 Beaufort River  349 -13 20.4 

137 Grass Patch 348 -14.4 18.8 

151 Red Lake Siding 344 -13.2 16.8 

76 Truslove 341 -15.8 12.6 

84 Beaufort River  335 -14.8 12.8 

94 Lake Magenta Road  325 -30 15.6 

147 Red Lake Siding 321 -10.2 18 

14 Stirling Range  320 -17.2 8.2 

108 Young River  314 -16.6 11 

111 Young River  315 -33 -1.8 

122 Red Lake Siding 312 -9.4 16 

20 Young River  310 -27.2 -1 

88 Beaufort river 286 -17.6 13 

96 Lake Magenta Road  278 -23.2 6.6 

  Mean 336     
Bold: best breeding values  
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Table 13.   Response to selection (genetic gain) of Eucalyptus occidentalis plants for 
height and diameter at Roberts field trial; Mean population height, 
number of total individuals (N),  number of individuals  retained after 
20% selection, selection intensity (i), height of selected individuals, 
phenotypic standard deviation (σP), individual narrow sense heritability 
(h2) and Genetic gain (%) 

 

 Trait 
 
 
 
 

Population 
Height 
mean 
 (cm) 

 

N  
 
 
 
 

20% 
Retained 
(No. of 

individuals) 
 

i  
 
 
 
 

Height 
criteria 
(cm)  

 
 

σP 

 

 
  

 h2 

 

 

 

 

Responses 
to 

selection 
(Gain) 
 (%) 

 
Height (cm) 
(33 months) 336 257 51 1.4 >391 51.4 0.2 ± 0.2 14 
Rel. growth (%) 414 257 51 1.4 >530 155 0.04 ± 0. 2 8.7 
Diameter (cm) 39 257 51 1.4 >51 12.6 0.2 ± 0.2 3.5 

 
 
 
 
Table 14.   Family genetic correlations of Eucalyptus occidentalis plants for height 

between the same 21 families under controlled experiments and saline 
field trials at age 33 months 

 
Controlled 
condition 

Saline field 
trials 

Family Phenotypic 
correlation  

Family Genetic 
correlation  

 (33 months)   
C Roberts 0.33 0.9 
 Sandalwindy -0.06 0.3 
W Roberts  0.4 ** 1 ** 

 Sandalwindy 0.15 0.6 
SD (550 mM) Roberts 0.31 1 
 Sandalwindy 0.21 1 
SW (550 mM) Roberts  0.37 * 0.97 * 

 Sandalwindy 0.04 0.1 
C     = Control                            SD   = Salt-drained                           
W    = Waterlogged                   SW   = Salt-waterlogging        
*      = significance level .05,      **     = significance level .01    
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4.3.3   Comparison between controlled condition and field trials 

 
Correlations  under screening and in  field trials 

Family genetic correlations  

There were significant family genetic correlations (Type B) for height between 

the same families of controlled treatments, waterlogging and salt-waterlogging (550 

mM salt) and of Roberts field trial at age 33 months (Table 14).  

Multi-site analysis 

 
Among controlled conditions and field trials, significant interactions between 

families and sites were found only for height at 9 and 33 months (Table 15). Some 

families were consistently taller in all environments while others were not. Ranking 

of families (Table 16) indicated that half of the families that were the tallest in 

Roberts were mostly from Red Lake Siding (124, 148, 149, 150, 151 and 153), 

Beaufort (85 and 86) and Grass Patch (137). Some of these families were 

consistently among the tallest in Sandalwindy and under controlled salt-waterlogging 

conditions, but others were among the lowest - especially in Sandalwindy. In relative 

growth, there was no interactions between family and sites. Separate analysis of each 

site indicated differences in relative growth. Families from western provenances 

particularly, Beaufort and Katanning, tended to have higher rankings for relative 

growth than eastern provenances Red Lake Siding and Grass Patch (Table 17). 

 

Age-to-age and between-trait genetic correlations 

Age to age (9 and 33 months) genetic correlation for height was only noticed at 

Roberts field trial (Table 18), whilst genetic correlations between traits were zero 

under field trials.  
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Table 15.   Multi-site analysis for traits of Eucalyptus occidentalis plants between 
controlled conditions (salt-waterlogging at 550 mM salt) and saline field 
trials (Kirkwood, Sandalwindy and Roberts) 

 
                     Sites as blocks              

Controlled condition (SW) and  
3 Field trials Variate SV Df P 

Height Family 17 (<0.001)*** 
 Site 3 (<0.001)*** 

SW at 550 mM  and 9 month 
Kirkwood, Sandalwindy and Roberts 
  Family x Site 50 (0.01)** 

Height Family 20 (<0.001)*** 
 Site 2 (<0.001)*** 

SW at 550 mM and 33 month  
Sandalwindy and Roberts 
  Family x Site 39 (0.01)** 

Relative growth Family 20 ns 
 Site 1 (<0.001)*** 

Sandalwindy and Roberts 
at 33 months 
  Family x Site 19 ns 

Diameter Family 20 (<0.001)*** 
 Site 1 (0.05)* 

Sandalwindy and Roberts 
at 33 months 
  
    

Family x Site 
 

19 
 

ns 
 

 
 

Table 16.  Ranking for height of Eucalyptus occidentalis families in saline field trials 
and under controlled conditions (550 mM salt-waterlogging)  

 
  Height (cm) 
Family Provenance Sandalwindy (SE) Roberts (SE) SW (550 mM) (SE) 
149 Red Lake 320 13 385 4 42 17 
148 Red Lake 342 17 382 17 46 19 
150 Red Lake 335 17 377 17 43 17 
30 Katanning 303 17 365 17 28 17 
124 Red Lake 321 17 357 17 35 17 
153 Red Lake 345 17 350 17 39 17 
85 Beaufort 347 17 349 17 30 19 
86 Beaufort 314 17 349 17 28 17 
137 Grass P 324 17 348 17 45 19 
151 Red Lake 330 17 344 17 43 17 
84 Beaufort 343 17 334 17 22 19 
76 Truslove 295 17 341 17 29 17 
94 L Magenta 312 17 325 17 29 17 
147 Red Lake 294 17 320 17 54 19 
14 Stirling 289 17 320 19 19 19 
111 Young R 326 17 315 17 34 17 
108 Young R 285 17 314 17 34 17 
122 Red Lake 311 17 312 17 48 17 
20 Young R 304 17 310 17 36 17 
88 Beaufort 332 19 286 17 21 17 
96 L Magenta 317 17 278 17 27 17 

SW = salt waterlogging 
Bold = best families on each environment 
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Table 17.   Ranking for relative growth of Eucalyptus occidentalis families in saline 
field trials and under controlled conditions (550 mM salt-waterlogging)  

 
  Relative growth (%) 
Family Provenance Roberts (SE) Sandalwindy (SE) SW (SE) 
84 Beaufort 555 62 309 62 125 70 
108 Young River 505 62 292 62 134 62 
88 Beaufort 479 62 219 70 150 62 
76 Truslove 461 62 427 62 150 62 
86 Beaufort 444 62 273 62 199 62 
85 Beaufort 433 62 386 62 147 70 
111 Young River 433 62 377 62 135 62 
30 Katanning 431 62 466 62 147 62 
20 Young River 424 62 440 62 119 62 
14 Stirling range 416 70 395 62 119 70 
94 L Magenta 415 62 457 62 132 62 
137 Grass P 402 62 460 62 126 70 
150 Red Lake  394 62 298 62 132 62 
124 Red Lake  365 62 299 62 134 62 
96 L Magenta 347 62 368 62 141 62 
122 Red Lake  317 62 258 62 127 62 
151 Red Lake  316 62 257 62 130 62 
153 Red Lake  305 62 394 62 126 62 
149 Red Lake  298 62 223 62 122 62 
147 Red Lake  278 62 205 62 116 70 
148 Red Lake  216 62 452 62 121 70 

Between families:  Roberts  **, lsd = 146,  Sandalwindy : ns, SW : *, lsd = 40 
Bold = best families on each environment 
 

 
Table 18.   Genetic correlations for height between first (9 months) and second 

assessments (33 months) of Eucalyptus occidentalis plants in saline field 
trials at Roberts and Sandalwindy 

 

Saline field 
trials 

 

 
Age 

(months) 
 
 

Genetic 
correlation 
for height 

(R) 
Roberts 9 33 0.2 
Sandalwindy 9 33 - 
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4.4  Discussion   
 

Under controlled screening, survival rates were similar between families of E. 

occidentalis under non-saline or salt-drained conditions but the range between the 

lowest and the highest survival was wider under saline waterlogged conditions. 

Average survival under salt-drained conditions was lower than non-saline conditions, 

where most plants survived but under salt waterlogging survival was less than half. 

Among the four treatments applied under controlled conditions, only salt-

waterlogging at 550 mM NaCl provided sufficient stress to provide a means for 

survival selection within the population (Blum, 1988). This prolonged exposure to 

saline water causes premature leaf senescence and decreasing leaf area, leads to toxic 

salt levels and reduces photosynthesis.  This ultimately decreases growth and 

eventually survival (Munns, 2002). 

In field trials, plant survival across E. occidentalis was high at Sandalwindy 

and Roberts but only half the plants at Kirkwood survived in the first 9 months. Most 

plants remained alive at Sandalwindy and Roberts after 33 months, but at Kirkwood 

survival was poor. Many factors can influence survival in field sites including 

salinity/soil conditions, planting conditions, temperature and rainfall. 

Generally, under high salinity fewer plants survived.  Plants at Kirkwood with 

the highest and the widest range of salinity had the greatest plant death and after 33 

months only 26% survived, which was one-third of survival at the other two sites. 

High survivals at Sandalwindy (94%) and Roberts (91%) were similar to those 

reported after 9 months for downslope farm plantations near saline seeps at much 

lower salinity levels of 1000 mSm-1 (Biddiscombe et al., 1981) and slightly lower 

than complete survival observed after 1 year at similar salinity (0-1500 mSm-1) 

(Benyon et al., 1999).  The three field sites were selected based on a history of poor 

productivity due to salinity, but the level of salinity varied between and across the 

sites. Salinity levels in other field sites have been classified using terms by Marcar et 

al. 1995, as slight salinity at 200-360 mSm-1 (Pepper and Craig, 1986; Steven et al., 

1998), moderate 650 mSm-1 (Zohar and Schiller, 1998), high 900-1500 mSm-1 

(Biddiscombe et al., 1981; Greenwood et al., 1994; Benyon et al., 1999 and Marcar 

et al., 2003) with extreme salinity being over 4000 mSm-1 (Pepper and Craig 1986). 

The ranges within these sites are generally between 0-1500 mSm-1 (Benyon et al., 

1999; Marcar et al., 2003) and rarely 500-4000 mSm-1 (Pepper and Craig, 1986). 

Salinity levels at Sandalwindy and Roberts were at the high end of the usual range 

for field trials except the extreme site of Pepper and Craig (1986).  The advantage 
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here was that at the high end of the tolerance range in E. occidentalis genotypic 

differences could be determined in young seedlings thus shortening the time required 

before suitable assessment could be undertaken. 

Soil conditions influenced survival. Soil texture at Sandalwindy and Roberts 

was sandy clay (Hunt and Gilkes, 1992) and in both soils, pH was slightly acidic to 

neutral. During establishment in July 2004 there were boggy patches at Sandalwindy 

and some surface water between mounds at Roberts. This would have contributed to 

the high survival and good growth observed at Sandalwindy and Roberts.  

Eucalyptus occidentalis naturally occurs on alluvial plains which are often 

prone to waterlogging.  These are adjacent to salt lakes, river flats, close to coastal 

dune systems or granite rock outcrops with neutral to alkaline clays and saline soils 

(Marcar and Crawford, 2004).  Kirkwood had dry topsoil during establishment and 

silty clay to clay soil texture. These soils are usually associated with crust formation 

on the surface, slow water penetration and drainage (Hunt and Gilkes, 1992). 

Kirkwood soils had high pH of 6.5 - 8.1 and alkaline soils with high sodium levels.  

These conditions can be detrimental to plants as sodium disperses clay particles 

contributing to poor soil structure (Hunt and Gilkes, 1992). These soils are common 

in the eastern fringe of the Western Australian wheatbelt, especially near salt lakes. 

Trace element deficiency of copper, manganese, iron and zinc occurs in soils with 

pH >7 because of their poor solubility at high pH and there is also a possibility of 

boron toxicity. This nutrient deficiency and/or toxicity (Hunt and Gilkes, 1992; Bell 

et al., 1994) reduces plant growth and may have contributed to E. occidentalis death 

especially at Kirkwood. Marcar et al. (2000a) indicated that E. occidentalis is 

suitable for farm forestry in alkaline (pH 8-9) soils, but alkalinity-tolerance may be 

limited when combined with high salt concentration and waterlogging. 

Eucalyptus occidentalis grows in regions with mild winter and hot summer 

temperatures indicated by the mean monthly maximum of 23-34° C and minimum of 

2-8°C (Marcar and Crawford, 2004). Field trials were within these ranges and 

Sandalwindy had monthly maximum temperatures of 5.7- 31.3°C, Roberts 14.5 - 

27.4°C and Kirkwood 14.4-26.3°C (BOM, Western Australia) indicating temperature 

was unlikey to have contributed to plant losses.  However, temperatures 1-2o C hotter 

than the annual mean began when plants were 2-3 months old. The most extreme 

heat was at Kirkwood with four months of temperatures 1-2o C above average, which 

made trial establishment difficult.  
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Field sites were chosen because their average annual rainfall was within the 

range of 400-900 mm found across the natural distribution of E. occidentalis (Marcar 

and Crawford, 2004).  In the first year after trial establishment however, there were 

reductions in rainfall of 18-60% from the annual mean starting when plants were 2-3 

months. In Kirkwood this lasted until December when plants were 6 months old. 

Following this were very large rainfalls events when plants were 8-11 months in 

March-June 2005. The amount of monthly rainfall was twice the average at 

Sandalwindy in May, four times the average at Roberts in April and five times the 

average at Kirkwood in April. The duration of heavy rainfall that exceeded the 

average was 3 months (March-June) at Sandalwindy, 4.5 months at Roberts 

(February to mid-June) and 3.5 months at Kirkwood. Good rainfall usually favours 

tree establishment. However the very heavy rainfalls caused flooding at Kirkwood 

and the field site was waterlogged from May through to August 2005. Flooding did 

not occur at Sandalwindy and Roberts. Although field trials were established across 

E. occidentalis’ natural distribution, interaction of high salinity and rainfall 

especially where it caused extensive flooding was not favourable for growth.  

Eucalyptus occidentalis is well known to withstand waterlogging, but this was 

with reference to periods of days to weeks (Marcar et al., 2000a), while at Kirkwood 

waterlogging occurred for 3 months and was mixed with high salt content in the soil. 

This long period of plants under water explained the very high mortality in Kirkwood 

compared to the other locations. Seedlings of other salt tolerant Eucalyptus with only 

5-10 days waterlogging in moderately saline (1000-1500 mSm-1) fields have severely 

declined and died (Marcar, 1993).  

A combination of salt and waterlogging damaged plants more than salt alone. 

Under salt-drained conditions, family survivals were higher (50-100%) than survival 

of E. viminalis (13%) and E. smithii (33%) under 300 mM NaCl drips (Marcar, 

1989). Under 550 mM salt plus waterlogging, survival varied between families from 

10-80%. This was high compared to 41-91% survival of E. camaldulensis at lower 

350 mM salt-waterlogging held for 3 weeks (Meddings et al., 2001).  Plant survival 

is more severely reduced with a combination of salt and waterlogging (Van der 

Moezel, 1988, 1989; Marcar, 1993; Farrel et al., 1996; Akilan et al., 1997) than salt 

alone. Waterlogging decreases plant tolerance to salinity due to impaired root 

function and reduction in selectivity for K+ over Na+ (Van der Moezel, 1988; Craig 

et al., 1990; Marcar, 1993; Barrett-Lennard, 2003).  Ion transportation against 

concentration gradients requires energy (Yeo et al., 1987), but conditions are 
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anaerobic under waterlogging, and energy is less available (Armstrong, 1979). Under 

anaerobic conditions, higher concentrations of Na+ and Cl- are found in leaves than 

under non-waterlogged situations (Van der Moezel et al., 1988; Thomson et al., 

1989; Craig   et al., 1990) and these eventually become toxic over time.  In E. 

globulus there are 2.5 times more Na+ and Cl+ in leaves (Marcar et al., 2002) and in 

several Acacia species there are 2-10 times higher Na+ in leaves (Craig et al., 1990) 

under salt-waterlogged compared with salt drained conditions. Eucalyptus 

occidentalis also could not survive and maintain growth under salt-waterlogged field 

conditions for a long period. Low plant survival in the Kirkwood field trial was 

probably due to a combination of initial drought from August to December 2004 

followed by salt and inundation from March-June 2005 resulting in low survival and 

a family variation of 7-67%. 

Under non-salt conditions including waterlogging, there was no hindrance for 

to survival of E. occidentalis plants. Differences in survival in the field only varied 

under the most extreme salinity. Most plants survived at Roberts and Sandalwindy 

during the establishment phase up to 9 months. A few more plants died in two 

provenances, Gordon River and Beaufort at Sandalwindy.  Red Lake Siding, Young 

River, Grass Patch and Stirling provenances had the highest survivals (44-65%) in 

the extreme field conditions at Kirkwood and the lowest survival was again Gordon 

River (40%).   In a central New South Wales field trial with a lower salt level of 0-

1500 mSm-1, provenance Dumbleyung had 100% survival after 1 year (Benyon et al., 

1999). This provenance, which was also planted by Forest Products Commission 

(Anonymous, 2007) in a parallel trial with this present study, had fewer plants 

survive (93%) at Sandalwindy and Roberts (80-93%) at 9 months, than in New South 

Wales (Benyon et al., 1999). Presumably higher salinity levels contributed to these 

deaths. At family level, there was no variation in survival at Sandalwindy or Roberts. 

However in this study families differed in the extreme conditions at Kirkwood after 9 

months.  Provenances are the origin of seed sources and they are usually adaptive to 

certain environments (Marcar and Crawford, 2004). Provenances consist of families 

and so families have more specific genotypes. Within provenances, generally seed 

from families are bulked and so the family identity is lost or ignored (William et al., 

2002). Under high salinity levels experienced at Sandalwindy (96-976 mSm-1) or 

Roberts (88-1424 mSm-1) family differences were not evident in survival. This is in 

contrast to E. camaldulensis, which is only moderately salt tolerant (Marcar and 

Crawford, 2004).  Variation in survival after 7 months occurs not only between 
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provenances but also among families-within-provenances on saltland up to 4800 

mSm-1 (Mahmood et al., 2002). This salinity level is higher in Roberts where 

provenance and family differences were not detected for E. occidentalis. Eucalyptus 

occidentalis families were only differentiated at salt conditions of 38-1360 mSm-1 at 

Kirkwood after 9 months. Thus the more salt-tolerant E. occidentalis required 

combined stresses of high salinity level and long waterlogging (May-August) to 

discriminate survival between provenances and families.  

Survival at family levels suggested that salinity at Sandalwindy and Roberts 

was unable to allow differentiation between families for E. occidentalis, whereas 

high salinity levels (presumably without waterlogging) are able to differentiate 

between families for moderately tolerant species such as E. camaldulensis 

(Mahmood et al., 2002).  Therefore other variables such as growth could be useful to 

examine family variation in the field.  In addition to the salinity level, the range in 

salt concentration and other factors such as soil pH, clay content and waterlogging 

would have added to the patchiness of the field sites, increasing error and reducing 

the ability to discriminate between genotypes. While patchiness is the norm in field 

sites (Hunt and Gilkes, 1992) controlled conditions tend to be uniform and better 

able to discriminate between other treatment factors such as genotype. 

Stronger selection pressure under controlled conditions in this study resulted in 

higher selection pressure for E. occidentalis not only at provenances but also family 

level. There was also consistency in some families with highest survival in the field 

reflected under controlled salt waterlogging treatments in families such as153-, 147- 

and 124-Red Lake Siding, 137-Grass Patch and 111-Young River. Other families had 

high survival under controlled conditions but many died in the field (94-Lake 

Magenta, 87-Beaufort, 21-Young River).  

Over longer periods, survival in 976-1424 mSm-1 at Sandalwindy and Roberts 

may continue to decrease. In other trials, survival of E. occidentalis after 1 year 

declines to 78% after 7 years at similar or lower salinity levels of 0-1500 mSm-1 

(Benyon et al., 1999) and from 93% after 1 month down to 63% in 8 years at salinity 

levels of 500-4000 mSm-1 (Pepper and Craig, 1986). Under saline conditions, 

accumulation of ions in plants continues to occur over time (Flowers and Yeo, 1988). 

One of the mechanisms to avoid salt built-up in cytoplasm is compartmentalization 

of salt in older leaves.  When salt reaches toxic levels, it causes leaves to senescence 

prematurely reducing leaf area.   Thus high levels of built-up salt decrease plant 

growth, due to a reduction in photosynthesis from reduced total leaf area and this 
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may lead to plant death (Munns, 2002). Duration of this process varies. Tree species 

may withstand salinity in the field for months to several years depending on species, 

seed sources and the level of salinity. Earlier evidence indicates that E. occidentalis 

survival starts to decrease at 1500-2000 mSm-1 (Marcar and Crawford, 2004). Under 

lower salinity  (976-1424 mSm-1 in Sandal windy and Roberts), further assessments 

will still need to be carried out to elucidate the survival duration of selected 

genotypes.  

After 9 months, heights of E. occidentalis plants were similar across the three 

sites Sandalwindy (0.75 m), Roberts (0.7 m) and Kirkwood (0.76 m). These heights 

were shorter than 1 year-old E. occidentalis (1.3 m) plants growing under high 

salinity 1000 mSm-1 (Biddiscombe et al., 1981). For moderately tolerant, E. 

camaldulensis, salinity levels of 400-1300 mSm-1 reduced height by 35-54%, and in 

slightly salt tolerant E. globulus, this salt level reduces height by 64-66% (Marcar et 

al., 2003). In comparison, E. occidentalis was able to grow with less reduction at 

high salinity levels.  After 33 months, plants at Roberts with an average of 3.3 m 

were taller than those at Sandalwindy (3.1 m), with similar growth indicated by 

diameter (40 and 36 cm respectively). Roberts had higher salinity levels than 

Sandalwindy but plants were taller at Roberts than Sandalwindy. This was 

unexpected with regard to salinity levels but Roberts had higher rainfall (589 mm) 

than Sandalwindy (429 mm) with higher monthly rainfall spread over a longer period 

of 8 months from March to October compared to Sandalwindy. Rainfall is important 

for both water supply and nutrient availability. Therefore, higher and more 

continuous rainfall would facilitate more root growth, water and nutrient uptake and 

stimulate better shoot growth at Roberts.  In addition, rainfall dilutes salt, reducing 

salinity levels and potentially increasing plant growth.  Further, parrot attack 

damaged young shoots at Sandalwindy. Damage in the first year was low, moderate 

(not counted) or severe (5% of total plants).  The plantation was better maintained at 

Roberts than at Sandalwindy. Weeds competed for light, water and nutrients. Good 

management is required during site preparation to reduce weeds and also during 

early stages of plantation development to optimize the tree growth (Lambert and 

Turner, 2000). These factors may have contributed to better height at Roberts.  

High salinity influenced E. occidentalis growth. At 33 months, overall E. 

occidentalis height at Roberts and Sandalwindy trees was much shorter than Salt 

River, Dumbleyung, Katanning and Esperance provenances grown for 40 months 

(5.8 - 6.5 m) under lower salinity 400-800 mSm-1 at a location with a very low 
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annual rainfall of 278 mm (Steven et al., 1998).  After 33 months provenances Salt 

River and Dumbleyung (Anonymous, 2007) at Sandalwindy and Roberts from 

parallel field trials, were much shorter at 3-3.5 m. This was probably due to much 

higher levels of salinity at Sandalwindy and Roberts than the earlier trial (Steven et 

al., 1998). Under high salinity, leaf death continues progressively, and it often occurs 

over months reducing plant growth rate. The ability to maintain growth can be 

critical to prevent salt from reaching toxic levels through compartmentalizing salt in 

vacuoles and old leaves to maintain lower salt levels in new leaf growth (Munns, 

2002).   

Leaf production was especially influenced by salt. In controlled screening, 

plants under dry and waterlogged treatments doubled their leaf number, under salt-

drained conditions there were a similar number of leaves at the beginning and end of 

experiment,  but under 550 mM salt-waterlogging plants had fewer leaves (80-87%) 

after 12 weeks. In the field, E. occidentalis plants reach 5.8 - 6.5 m height after 40 

months at 400-800 mSm-1 (Steven et al., 1998), but take 8 years to reach 5.1 m 

height at 4000 mSm-1 salt (Pepper and Craig, 1986). So, the further increase in 

salinity at Roberts and Sandalwindy would explain the lower growth observed.  

 Trunk diameter revealed a similar reduction in growth with increasing 

salinity. After 33 months, plants at Roberts and Sandalwindy had diameters of 4 and 

3.6 cm respectively. Eucalyptus occidentalis irrigated with municipal waste and 

saline mine water, with much lower salt levels of 250-500 mSm-1, have a similar 

diameter of 3.1 cm in 2 years (Mercuri et al., 2005). Longer term assessment would 

be required to determine the impact of the high salinity levels found at Sandalwindy, 

Roberts and Kirkwood on trunk growth beyond 33 months. Overall, E. occidentalis 

showed reduced growth at high salinity both in height and diameter but comparisons 

indicate that this species can grow better than other species such as E. camaldulensis.  

Growth of genotypes in controlled conditions was confirmed in field trials. 

Variation occurred in provenance height in all controlled tests and at all field sites. 

Two provenances, Red Lake Siding and Grass Patch, especially families such as 124-

, 150-, 151- 153-Red Lake Siding and 137-Grass Patch, consistently stood out across 

the compared environments of controlled salt waterlogging, as well as the Roberts 

and Sandalwindy field sites. Provenance differences in diameter only occurred under 

the higher salinity field site of Roberts. The two tallest provenances, Red Lake 

Siding and Grass Patch and some of their families, also had the widest diameters 

including 150-, 153-Red Lake Siding and 137-Grass Patch. Some families such as 
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85- and 88-Beaufort had high relative growth under controlled conditions and 

although short had large diameters in the fields, reflecting their branching habit. 

Families from Red Lake Siding and Grass Patch under controlled 550 mM salt-

waterlogging and in pre-screening up to 300 mM salt were also the tallest.  These 

provenances also have more biomass and height under control, dry saline and salt-

waterlogged conditions (Mulcahy, 2005). This confirms that families and 

provenances that tend to grow better under non-saline conditions also tend grow best 

under salinity (Marcar and Crawford, 2004).  

 Katanning and Ravensthorpe have less than half the biomass and 20-40% less 

height than Grass Patch and Red Lake Siding in preliminary salt screening at 300 

mM salt-waterlogging Mulcahy (2005). At Roberts and Sandalwindy fewer trees 

from Katanning and Raversthorpe survived (Anonymous, 2007) and they were 

shorter than Red Lake Siding and Grass Patch after 33 months. In agronomic crops 

such as wheat, plants with higher biomass, increase green leaf area, maintain higher 

growth under saline conditions and persist for a longer period than smaller plants 

(Rees, 2000). High biomass may dilute salt concentration within tissues because 

more cells provide more sites for salt uptake than a single cell (Munns and Termaat, 

1986). Larger plant size prior to and during salt exposure may increase tolerance (Hu 

et al., 1977) of families in Red Lake Siding and Grass Patch. These two provenances 

naturally originate from different environments to most other western provenances. 

They are from north of Esperance, where there are many salt lakes (Morgan, 1968) 

and this is the most arid region with the least annual rainfall of 200-400 mm 

(Morgan, 1978-1979). Soils within the eastern provenances also have calcareous 

earths, containing calcium carbonate and lime (Conacher and Conacher, 1998a).  

These tend to be alkaline soils where nutrient availability is low (Hunt and Gilkes, 

1992).  In contrast, families from western provenances were mostly from areas along 

rivers, in higher annual rainfall zones (400-600 mm) (Morgan, 1968; Morgan, 1978-

1979). Soils in these regions are generated from the same major structural elements 

as Yalgarin block (Conacher and Conacher, 1998a) and are typically loams, clays 

and duplex soils with low nutrients and some periodic waterlogging. Families from 

the eastern range of E. occidentalis, which is a more extreme environment, have 

probably adapted to more saline and arid conditions with intermittent waterlogging. 

These provenances (Red Lake Siding and Grass Patch) therefore had much taller 

individuals under salt than those from western provenances, such as Stirling Range 

and Gordon River and some families of Katanning and Beaufort.  
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Phenotypic correlations between traits were different between low and high salt 

levels.  Under low and no salt, shorter plants had better growth, but under high salt 

taller plants had better growth. Under non-salt (control and waterlogging) or low salt 

conditions of 0-250 mM NaCl, height and relative growth had negative phenotypic 

correlations in most situations. This occurred under controlled conditions and the 

Sandalwindy field trial at 9 months, and shorter plants had higher relative growth.  

Under high salt concentrations (300-550 mM), height and relative growth were 

positively correlated and taller plants had better relative growth.  Relative growth 

was calculated using initial height. So the same increase in height would result in 

greater relative growth in shorter than taller plants. Some shorter plants had better 

relative growth than taller plants but this was insufficient for them to overtake the 

tallest families.  Trends between biomass and height under 300 mM salt similarly 

vary across the range of E. occidentalis provenances from less biomass in shorter 

provenances especially from western regions (i.e Stirling, Gordon River, Kataning, 

Beaufort) to greater biomass in taller eastern provenances (Red Lake Siding and 

Grass Patch) (Mulcahy, 2005). So under high salt, greater relative growth of taller 

provenances was characterized with greater biomass perhaps by decreasing salt 

concentration diluted by more tissues (Munns and Termaat, 1986; Barrett-Lennard, 

2003). In glycophytes, mechanisms of salt tolerance depend mostly on three main 

types of salt transport; uptake by roots, loading to xylem and unloading of xylem, 

especially for more salt tolerant species, and also unloading of salt from phloem, 

which prevents salt being translocated to growing tisues (Munns et al., 2002).  

However it was not possible here to determine which of these mechanisms is 

operating in E. occidentalis. 

Genotypes best at producing leaves and maintaining low ion concentration 

should grow better under high salt. This requires confirmation with analysis of Na+ 

and Cl- ion content in leaves between high and low-salt tolerant families (presented 

in Chapter 5).  

High stress conditions were required to differentiate between genotypes that 

had internal damage affecting in leaf production (Munns, 2002). Only under salt-

waterlogged conditions were there differences between provenances and families in 

final leaf proportion. At provenance level, Truslove increased leaf proportion 

(131%), Gordon River remained the same and the remaining seven provenances had 

about 60-96% of the original number of leaves. The tallest provenances retained 

nearly all (93%) in Grass Patch or most (75%) in Red Lake Siding of their original 
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leaf number. At family level, 136-Grass Patch increased leaf number and 76-

Truslove had nearly a third more leaves and 94-Lake Magenta had a few (108%) 

more leaves at the end of salt-waterlogging treatments. All families within Red Lake 

Siding provenances lost leaves (60-94%).  So, high concentrations of 550 mM salt 

coupled with waterlogging, generated variation at both provenances and family 

levels. Eucalyptus occidentalis leaves withstood high salt plus waterlogging. A slight 

necrosis at the margins only occurred when salt concentration reached 250-300 mM,  

but it could not be used to distinguish between 9 provenances. At 300 mM salt 

waterlogging all plants had good growth and leaf death started to vary between 25 

provenances (Mulcahy, 2005). So the salinity range of 250-300 mM may be the 

critical level for leaves of this species to reach its ion threshold. Marginal leaf 

necrosis at 300 mM confirms earlier reports of Marcar (1989) using provenance 

Gibson.  This is three times the concentration of slightly salt tolerant E. globulus that 

only requires 2 days of 100 mM NaCl plus waterlogging before marginal chlorosis 

commences in older leaves. Moderately salt tolerant E. camaldulensis and E. 

tereticornis have few visible symptoms at this stress level (Marcar, 1993). In 

contrast, E. occidentalis had relatively good leaf survival and health under much 

higher salt concentration. This resulted in good growth and survival of E. 

occidentalis plants at 300 mM salt.  

Combined trait values indicated some very prominent families under salt 

waterlogged conditions.  They were specifically, 136-Grass Patch and 153 and 147-

Red Lake Siding and 76-Truslove. The much shorter 76-Truslove, had a high 

combined value largely due to high final leaf proportion. These three provenances 

were from the east, north of Esperance. Truslove is more southern and closer to 

rivers than the two others that are located in more arid environments closer to groups 

of salt lakes. This indicated that good performances under salt from the eastern 

provenances were not determined by one trait, but by several important traits acting 

together.  Provenances from north of Esperance have produced tall trees in earlier 

trials in Australia and Italy (Harwood, 2001; Elliot and Byrne, 2003). These regions 

with their many salt lakes (Morgan, 1968) calcareous alkaline soils (Conacher and 

Conacher, 1998a; Hunt and Gilkes, 1992) and low rainfall tend to select for adapted 

individuals that have superior growth and survival under high salinity. It has been 

recognized that rainfall has negative association with soil salinity (Tal, 1985) and 

accessions from arid areas would be expected to have higher salt tolerance than those 

from higher rainfall regions (Peeters et al., 1990).  
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Narrow-sense individual heritability values varied with trial locations. Height 

after 9 months indicated a higher value at Sandalwindy (0.3) than Roberts (0.1). 

After 33 months, heritability values for height and diameter increased at Roberts (0.2 

for both traits) but decreased at Sandalwindy (0.07 for both). Lower values at 

Sandalwindy might be related to parrot attacks which may bias or lower the height 

values for quite a few individuals. The value for E. occidentalis for Roberts (0.2) was 

much higher for height than the narrow-sense individual heritability value for E. 

camaldulensis (0.01) calculated from a field trial after 23 months on saltland (4800 

mSm-1) using 120 families (Mahmood et al., 2003). Selected families used in the E. 

camaldulensis trial were based on performance from several other trials, but salinity 

levels were not provided. The higher narrow-sense individual heritability of E. 

occidentalis, compared with E. camaldulensis may also be due to pre-selection of the 

nine from 25 provenances under 300 mM salt (Mulcahy, 2005). Compared to other 

field trials, without the high selection pressure of salt, heritability values here were 

similar or higher for height.  The heritability value for height of E. nitens at 2 years 

with 46 families is 0.07, while values for E. globulus, E. regnans and E. tereticornis 

at 4 years with 36, 16 and 15 families, are  0.29, 0.13 and 0.16 respectively (Borralho 

et al., 1992; Eldrigde et al., 1994). These describe common, low heritability values in 

field trials for young plants.  Under saline field trials however there is little or no 

information of heritability values of plants older than 5 years. At more mature stages, 

trees under high salinity are expected to accumulate more salt unless salinity is 

reduced due to leaching, lowering the water table or avoidance by root growth in less 

salty areas of soil.  

Lower heritability values in the field than under controlled conditions are 

common (Zobel and Talberts, 1984). This generally occurs due to high 

environmental variation in field conditions that decreases the proportion of genetic 

variation. In the field, environmental salinity variation often exceeds the genetic 

variation (Subbarao and Johansen, 1994). This environmental variation is more 

closely associated to edaphic than to climatic factors (Zobel and Talbert, 1984). 

Salinity and soil conditions are patchy in field trials (Hunt and Gilkes, 1992). It is 

difficult to minimize environmental variance and the best approach is by applying 

good experimental design (William et al., 2002). Field trials are none-the-less very 

useful as they represent the actual conditions intended for these trees. Under 

controlled conditions, the heritability values of height were; control (0.31), 

waterlogged (0.22) salt-drained (0.43) and salt-waterlogged (0.85). These were on 
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the range of moderate and high narrow-sense individual heritability for shoot dry 

weight of slightly tolerant E. globulus (0.69) and E. grandis (0.92) (Marcar and 

Crawford, 2004) under controlled conditions at lower salt (150 mM salt) with and 

without waterlogged (0.35-0.69) and with and without salt (0.47-0.92) (Marcar et al., 

2002). Under 550 mM salt-waterlogging, the heritability value of height was high 

and more accurate than other traits and was a more reliable estimate of breeding 

value or gain. Ideally more than 50 families in a breeding population is required to 

estimate reliable genetic variance (White, 1996). However, under controlled 

conditions in tanks, space is the main limitation for testing large numbers of 

individuals.  Bias of estimations is influential in calculating heritability (Falconer, 

1989) because reducing error increases the accuracy for the next selection (Araújo et 

al., 1996).  Under uniform conditions, such as the controlled screening, the variation 

from environmental factors can be minimized, maximizing the genetic variance 

component. This was observed in the present study compared with field-determined 

values.   

With selection, genetic differences between the highest and the lowest should 

be more obvious and this might increase heritability. Different trials often result in 

different heritability values. In field experiments, the standard errors of heritability 

for height and diameter of E. occidentalis were 66-150% of the main values and 

much higher at 500% for relative growth.  These large error values from field trials 

were higher than errors for heritability values for height and relative growth under 

more uniform controlled conditions (37% and 40% respectively). Heritability value 

is qualified if the standard error is less than 100% (Zobel and Talbert, 1984). Under 

controlled conditions, errors of E. occidentalis heritability values were acceptable, 

but in field trials acceptable errors only existed when plants were 9 months-old. In 

Eucalyptus globulus, precision of genetic parameters in full-sib progeny is increased 

markedly when clonal trial information is included as a combined data set (Araújo et 

al., 1996). Eucalyptus occidentalis full-sib progeny and clonal trials, therefore, 

would be useful to increase precision of heritability values, but methods are required 

to establish these trials. 

Gains based on narrow-sense individual heritability were different under non-

salt and under salt conditions. In E. grandis and E. globulus experiments under 

controlled conditions, heritability values for shoot dry weight are higher under non-

salt (0.92 and  0.69 respectively) than under 450 mM salt (0.57 and 0.47 

respectively), suggesting  that more gain can be achieved through selection without 
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salt than with salt (Marcar et al., 2002).  In contrast, genetic potential between 

individuals for highly salt tolerant E. occidentalis was more highly expressed under 

saline than under non-saline conditions. With the highest E. occidentalis heritability 

value for height under 550 mM salt-waterlogging, gain through selection was more 

pronounced under saline stress than non-saline.  Therefore with this high heritability 

value, individual selection or within-family selection should provide better gain than 

family selection (Finns et al., 1992).  

Modest gains are commonly accepted in one generation of breeding to obtain 

immediately improved genotypes (Zobel and Talbert, 1984). There are short term 

and long term gains. A general 10% gain in tree breeding achieved per generation, 

with a further 15% through selection from a breeding population (i.e orchard) to 

production population (plantation) is expected, but the latter gain cannot be taken 

into the next generation (Zobel and Talbert, 1984). Among all treatments, the highest 

gain for height was obtained from 550 mM salt conditions particularly when 

combined with waterlogging where an increase of height by 8% was expected for the 

next generation.  Leaf retention under salt is an important trait for tolerance because 

accumulated salt will be toxic in older leaves causing premature senescence (Munn, 

2002). However, final leaf proportion was less useful in E. occidentalis under 550 

mM salt-waterlogging and only achieved gain of 4%. This gain may be useful to 

supplement selection for families with high breeding values for height. However, it 

was not as universally useful as height as an indicator.  

Compared to other traits, E. occidentalis height proved to be a more important 

trait under salt-waterlogged conditions and in saline field trials as it generated the 

best values for heritability and gain. In tree improvement programs, the choice of 

trait is determined by the degree of inheritance (Zobel and Talbert, 1994).  Further, 

with 8% (salt-waterlogging) and 14% (in the field) gains for height, selection 

retained a considerable number of the best individuals (48-51). Selection to obtain 

gain which retains 50 individuals is appropriate to maintain diversity (Zobel and 

Talbert, 1984).  In contrast, diameter which had the same heritability value as height 

(0.2) may be less desirable at 33 months because there was less genetic gain due to 

the small phenotypic variation. 

Not all traits showed genetic correlations and genotype-by-environment 

interaction when assessed at different environments. Positive genetic correlations for 

traits indicate consistent genotypes for characters in different environments (Burdon, 

1977). Height was the only trait that had family genetic correlation between salt 
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and/or waterlogging treatments and Roberts field trials at 33 months, and so some 

families that tended to be tall in controlled condition were also tall in field trials. 

From multi-site analysis between different conditions, again only height showed 

interaction, revealing a great change in genotype ranks (Eldridge et al., 1993). Thus 

some families ranked differently in height in different conditions while others, such 

as Red Lake Siding and Grass Patch, had stable genotypes (William et al., 2002).   

Here, height is a useful trait to detect consistency and stability of E. occidentalis 

genotypes under different saline environments. Further if height also represents 

vigor, these genotypes may use more soil water and be most useful in alleviating 

salinity by lowering water tables (Munns et al., 2002).  

There was family genetic correlations between controlled conditions and the 

Roberts field trial but none with Sandalwindy. Genetic correlations might be present 

when the environments being compared similarly had high salt levels. Family genetic 

correlation between Roberts field trial and 550 mM salt-waterlogging was probably 

assisted by the higher salinity levels in Roberts (ECe 0-1424 mSm-1 vs water salinity 

~5500 mSm-1 respectively) than Sandalwindy. Roberts field salinity is classified high 

(Marcar and Crawford, 2004), whilst 550 mM salt is around sea level salinity 

(Holland, 1978).   In contrast, the lack of correlations with Sandalwindy might be 

due to the lower salinity level (ECe 96-976 mSm-1 vs water salinity ~5500 mSm-1 

respectively) which may provide less selection force. Again, disturbance of height 

assessment may have occurred due to severe parrot damage in Sandalwindy. The 

high salt level combined with waterlogging in the field at Roberts provided harsh 

conditions similar to the salt-waterlogging treatment under controlled conditions. It is 

therefore essential to associate genotype performance in different environments 

under similarly high salinity stress levels.  

Family genetic correlations involved both inundated controlled treatments 

(waterlogged and salt waterlogged) and Roberts field trial at 33 months.  No 

monitoring was carried out to assess the water table at Roberts but some surface 

water was noticed between mounds during the planting time in July 2004. Family 

genetic correlations were the products of family heritability values and phenotypic 

correlations. The genetic correlation values (R = 1 for waterlogging and R = 0.97 for 

500 mM salt-waterlogged) were higher than the phenotypic correlations values (R = 

0.4* and R = 0.37* respectively). So for height, under controlled conditions and in 

field trials, genetic factors had more effect than environmental, as there were higher 

estimates of genetic-correlations than phenotypic-correlations (Diaz and Fernandez-
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Lopez, 2005). Evidence for considerable genetic correlations suggests that screening 

of E. occidentalis plants under salt and/or waterlogging up to 550mM salt for height 

provides a good estimate of the performance in saline fields.   

Height is strongly controlled by genetic factors and visual differences in height 

were noticed before treatments.  Under controlled waterlogging, differences in 

genotypes occurred only in height but survival was similar and there was no variation 

in final leaf proportion, so  it  may take longer than 12 weeks to discriminate between 

genotypes.  The ability of this species to tolerate flooding at the seedling stage is 

very promising for establishing plantations in inundated areas, especially as more 

mature trees often tolerate inundation better than seedlings or saplings (Kozlowski, 

1984).  

  In preliminary screening under 300 mM salt-drained and salt waterlogged 

conditions, Red Lake Siding which was represented by 14 families and Grass Patch 

with 5 families, were also among the tallest as well as the highest biomass among 25 

provenances (Mulcahy, 2005). Two field trials, Sandalwindy and Roberts, were in 

similar climatic zones and the differences were mainly due to soil conditions and 

salinity. In different environments, one character that was assessed at each site can be 

regarded as two separate characters because the physiological mechanisms may not 

identical (Falconer, 1989). For plantation purposes, where a range of sites will be 

used, stable families are preferred over unstable families (William et al., 2002).  

If young tree traits are maintained and are associated with their characters at 

maturity, earlier selection can be carried out.  In forest trees, however, correlations 

between juveniles and performance at rotation age are commonly low (Zobel and 

Talbert, 1984). If good juvenile-mature or age-to-age correlations occur, early 

selection can save the cost and time of waiting and maintenance.  In this study for E. 

occidentalis, genetic correlation between two ages (9 and 33 months) was 0.2 in 

Roberts but there was no correlation at Sandalwindy. However, it is important to set 

reliable definitions of ‘mature’ and ‘juvenile’ age (Kang, 1991). There is no 

information on the correlation between juvenile and mature stages of any trees under 

saline conditions.  In general, in salty conditions, the effect and concentration of salt 

will accumulate with age in the plant body (Munns, 2002), unless the salinity level 

reduces considerably due to a lowering water table. Increasing salt might influence 

stressed plant characters especially growth reduction with the decline dependent on 

each tree species (Marcar and Crawford, 2004).  Thus the magnitude of juvenile-and-
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mature or age-to-age correlation may decline and future measurements of older trees 

are required to determine the correlation in E. occidentalis. 

If there are correlations between desirable traits, selection of each will 

automatically improve the other one (Eldridge et al., 1993). Genetic correlations 

between different traits under controlled conditions were only noticed under non-salt 

conditions (control and waterlogging) and were relatively low. Lack of between-trait 

correlations under saline conditions, means that each trait needs to be to be 

considered separately with a specific weight, if an index using combined traits, is to 

be used. However this proportion should also consider their heritability values. 

Among the traits, height which had a very high heritability value, was one of the 

most important traits in E. occidentalis.  In field trials, lack of between-trait genetic 

correlations, particularly between height and diameter, might also be affected by 

higher phenotypic but lower genetic variances in diameter.  Low or even negative 

correlations between two traits reflect different effects of genetic and environmental 

factors on the physiological mechanisms of characters (Falconer, 1989).  

In this study, high salt with waterlogging under controlled conditions and in the 

field provided a means to select salt-tolerant provenances, families and individuals. 

The presence of genetic correlations suggests that screening E. occidentalis plants 

under salt and/or waterlogging up to 550 mM salt is appropriate to estimate genotype 

performance in saline field trials. Plants in the field however are not only affected by 

salinity levels but also by climatic and particularly edaphic factors. Height was the 

most useful indicator of E. occidentalis salt tolerance and provided higher heritability 

values, significant genetic correlations, and greater gains than other traits. Some of 

the tallest genotypes showed consistent performance in different saline 

environments, especially families from Red Lake Siding and Grass Patch which 

originate from the most extreme regions in the eastern end of the natural distribution. 

Therefore there is good potential to select individuals within these provenances and 

used them for further materials for salt-tolerant breeding including, cloning and 

crossing. 
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Chapter 5   

Deployment for superior Eucalyptus occidentalis genotypes  

 
Abstract 

 
Propagation systems were investigated to hasten deployment of E. occidentalis. For the 
sexual route, it was found that extended day length (16 h) and paclobutrazol (1 mg 
active ingredient mm-1 stem circumference) stimulated flowering in 2 year-old plants 
and flowering synchrony occurred between some provenances. Flowering was greater 
from individuals recovering from salt rather than those from non-salt treatments. 
Asexual propagation was possible for E. occidentalis. Grafting success varied from 
none to complete, depending on the provenance source of the scion and rootstock. For 
best grafting success, the scion was 2.5 - 4 cm long, 6 - 7 mm diameter and with all 
leaves removed. Cutting propagation was possible but these plants did not perform as 
well as seedlings from similar families under salt-waterlogging conditions. Family 
differences were detected for coppice production and their ability to produce roots. Na+ 
and Cl- concentrations in seedling leaves could not be used to distinguish low from high 
salt tolerant genotypes 

 
Additional keywords: Flowering, flower stimulation, clonal propagation, rooted 
cuttings, grafting. 
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5.1  Introduction 

 

Eucalyptus occidentalis Endl. (flat-topped yate), a tall timber species reaching 10-

20 m in height with diameter at breast height up to 0.5 m (FAO, 1981; Marcar et al., 

1995), has moderate to high tolerance to salt and waterlogging (Pepper and Craig, 1986; 

Marcar et al., 1995, 2003; Benyon et al., 1999,). Due to its wood product that is suitable 

for building poles, pilings, posts, heavy construction and for pulp (Clark et al., 1999; 

Harwood et al., 2001; Marcar and Crawford, 2004), there is interest in planting it for 

rehabilitation and reclamation of saline areas especially for farms that suffer from 

waterlogging and increasing salinity. Improvement of this species is underway to 

develop commercial salt /and waterlogging tolerant genotypes. When improved 

individuals have been identified, the potential for mass propagation from seed and 

cuttings or graftings, must be explored.  This process is somewhat more convenient for 

E. occidentalis given its ability to flower at or even before 1 year of age (Bolotin, 1975; 

Southerthon, 2007) and to produce roots when propagated vegetatively using cuttings 

(Brammal et al., 2001; Harwood et al., 2005). 

Breeding of forest trees requires a process of selection from a broad genetic base, 

testing individuals for desirable characters, analysis, selection of parents and mating, 

followed by mass propagation for deployment (Talbert, 1992; Eldridge et al., 1993). 

There are substantial delays in obtaining reliable genetic information, as well as 

potential for genetic gain in forest trees due partly to the long generation time and 

environmental variability of collection sites (Libby, 1992).  

Orchards,  from  seeds or clonal materials, are established from plus trees that 

have been  grown and tested in several locations with supplementary information from 

progeny tests (Libby, 1992; Eldridge et al., 1993). Apart from isolation from unknown 

genotypes and appropriate maintenance, proper management of germplasm orchards 

will require solving problems associated with flowering and pollination for seed 

production (Sedgley and Griffin, 1989). Although cuttings have been used for many 

species, including some Eucalyptus species, seed is still the major source material for 

large scale plantations. Orchard management for seed production seeks to obtain 

maximum seed production of superior genotypes.  Seed orchard management includes 

stimulation of trees to flower early and abundantly and where appropriate 

synchronously, this requires information about the means to manipulate these character, 

properly designed orchards and of course the costs associated with  management but can 
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greatly  enhanced the quality and quantity of seed produced. The more seed produced, 

as early as practical, the more profitable the exercise (Guries, 1990).  

One factor that determines the success of trees in seed production is flowering 

synchrony and natural pollination (Gibson et al., 1983; Sedgley and Griffin, 1989). The 

more synchronous the flowering event, the greater the chance of individuals mating and 

contributing their genes to the seeds.  Providing there is genetic compatibility and 

suitable pollination vectors, genotypes which have a long and profuse flowering within 

the season will become useful pollen donors. Spatial isolation, unsynchronized 

flowering or isolated flowering time will increase the probability of self pollinations. 

This can cause inbreeding depression, which is a high risk in breeding forest tree 

species including Eucalyptus (Griffin and Cotteril, 1988; Hardner and Potts, 1995) or 

otherwise lead to seed failure. An observation of flowering time between provenances 

provides a general overview of synchrony and flowering ability of young plants and of 

their chances of mating with each other. This information can then be used to support 

scheduling of controlled crossing and for estimating seed harvest from peak natural 

pollination periods where more genotypes are flowering. 

Attempts to optimize seed production involve reduction of the juvenile period 

and stimulation of flowering with plant growth retardants, fertilizers, photoperiodic 

treatments and mechanical stress. Among these approaches the plant growth retardant, 

paclobutrazol; 1-(4-chlorophenyl)-4,4-dimethyl-2-(1,2,4-triazol-1-yl)pentan-3-ol, has 

been used successfully in several Eucalyptus species (Hetherington and Jones, 1991; 

Hasan, 1993; Griffin et al., 1993; Moncur et al., 1994; Moncur, 1998; Williams et al., 

2003) but not as yet in E. occidentalis. Application of paclobutrazol to 2.5 year-old E. 

nitens reduces the generation time from 8 to 5 years (Moncur, 1998) and together with 

nitrogen fertilizer, it stimulates flower initiation in E. nitens at 2.5 years (Moncur and 

Hasan, 1994; Williams et al., 2003).  Paclobutrazol, can be applied in various ways 

including as a soil drench that at a concentration of 0.02 grams active ingredient (g.a.i.)  

per cm circumference stimulates good flowering in E. nitens (Moncur and Hasan, 1994; 

Williams et al., 2003) and in  6 year-old E. globulus at 0.44 – 2.2 grams of active 

ingredient (g.a.i.) per cm circumference (Griffin et al., 1993). This is also suitable for 

small or containerized plants (Reid et al., 1995). Stem injection may be preferable for 

precise dose application for large trees (Hetherington et al., 1991).  This has proven 

successful at concentrations of 0.025 – 0.05 (g.a.i.) in 2 year-old E. globulus and E. 

nitens (circumferences 27 and 33 cm, height 5.1 and 4.2 m respectively) (Griffin et al., 

1993). Paclobutrazol increases flower bud number following application in autumn 
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(April) compared to winter (June) for 18 month-old, grafted E. nitens (Moncur and 

Hasan, 1994). Application of paclobutrazol before reproductive maturity aims to induce 

flowering in younger plants and in E. globulus flowering can be stimulated at 18 months 

when plants still possesses juvenile foliage (Hasan et al., 1992). Application after 

reaching reproductive age is directed at stimulating more abundant or more uniform 

flowering to enhance yield and avoid sporadic seed production. Earlier and more 

abundant flowering with paclobutrazol application would enhance seed production and 

improve deployment methods for E. occidentalis. 

Flowering can be hastened in many plants using photoperiodic treatments of 

either short or long daylengths. Most 26 month-old apple seedlings are stimulated to 

flower with long light treatment while similar seedlings grown in the field do not flower 

until after 4 years (Aldwinckle, 1975).  Photoperiod (16-h) can stimulate early flowering 

of E. occidentalis at 3-6 months (Bolotin, 1975; Southerthon, 2007), but success is 

erratic and early flowering does not occur for some individuals, seed sources, 

provenances or families. The only previous study to detect genes for early flowering in 

E. occidentalis was impeded because of the limited number of genotypes with early 

flowering and technical difficulties with CO2 levels in enclosed controlled environments 

set at 16 h photoperiod (Southerthon, 2007). In their natural habitat E. occidentalis 

plants flower when 3-5 years old (Blakely, 1955) and they have been observed to flower 

in less than 1 year in the nursery (Zohar, 1975). Three Seed Production Areas and 

Seedling Seed Orchards of this species have been established throughout Australia 

(Victoria, South Australia, Western Australia and New South Wales) and they vary 

substantially in seed yield from year to year (Harwood et al., 2005).  Over 8-9 years, 

Seed Production Areas of 0.64 - 0.67 ha tend to yield 0.68 to 1.2 kg/ha which is less 

than targets of 2 kg/ha at an average of  200,000 viable seeds per kilogram. Efforts to 

accelerate and improve seed production of this species are needed to achieve this target.  

Given the success of paclobutrazol on other Eucalyptus species, as well as 16-h light on 

E. occidentalis flowering, it is worthwhile combining these treatments to hasten and 

improve flowering in E. occidentalis. 

Breeders attempt to multiply elite materials by establishing orchards for seed 

production. When money and skills to vegetatively propagate permit, clonal orchards 

are a valuable option, providing higher gains due to their genetic similarity to the 

selected superior genotypes (Libby, 1992; Shelbourne, 1992). Espalier orchards are an 

example of a clonal orchard established from grafts, designed to obtain maximum seed 

production from improved material.  They also offer the convenience of a reachable 
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crown (Moncur and Hasan, 1994). Grafts are made using scions from improved trees 

that will develop into individuals with the same gene sets as the elite parents. Further, 

vegetatively propagated plants tend to bear seeds at earlier age than seed-propagated 

plants. To maintain scion growth, grafts require rootstocks that have strong root 

development and scion-rootstock compatibility. Compatibility is determined by 

formation of the union between the two genetically different tissues through a wound 

healing process which is dependent on a range of factors such as genetic distance, age, 

grafting technique, season, hygiene and maintenance (Hartmann et al., 1990). 

Rootstocks must be genetically compatible to make new composite plants (Jackson, 

2003). This study also examined E. occidentalis grafting compatibility between 

different scion and rootstock provenances.  In particular, it aimed to determine if scions 

from salt tolerant genotypes could be grafted into a range of different rootstocks from 

available provenances. This grafting approach to orchard establishment may overcome 

the long generation times required to produce large quantities of seeds for deployment. 

Cuttings of superior genotypes are often used for material deployment (Eldridge et 

al., 1993). These clones preserve the complete, improved genotypes (Guries, 1990). The 

obvious advantage of vegetative propagation is the possibility to capture a larger 

proportion genetic effect by reducing the number of years and cost (Matheson and 

Lindgren, 1985; Eldridge et al., 1993).  The advantages are clear; for example the 

timber volume of E. globulus clonal plantations was found to be 40% higher that of 

open-pollinated seed orchards at 6 years of age (Arnold et al., 1991). Whenever cuttings 

will be used for deployment, plant structure and function, especially root function and 

the success and ease of the propagation system need to be assessed.  Comparison of 

seedlings and clones (like cuttings) for material deployment gives rise to useful 

information.  However, clonal plants may not always be as good as matched-genotype 

seedlings (Zobel, 1992).  Increased yield in clonal orchards or plantations can only be 

achieved if clonal growth is not adversely influenced by the propagation method 

(Karlsson and Russel, 1990).  The key difference between success and failure is the 

strength of the root system (Hartmann et al. 1990). Good root quality in clones leads to 

significant growth differences (Foster et al., 1987; Kageyama and Kikuti, 1989).  

Clones of selected salt tolerant E. camaldulensis, E. spathulata subsp. spathulata, 

Casuarina obesa and C. glauca have better survival and growth both in glass house and 

field trials compared to provenance-matched seedling lines of the same species (Bell et 

al., 1994).  In Eucalyptus occidentalis, a study of cuttings indicates promising potential 

for clonal forestry (Brammall and Harwood, 2001; Harwood, 2005). In this study, 
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cutting and seedling performances from the same E. occidentalis families grown under 

salt and/or waterlogged conditions were evaluated. 

The objective of this study was to develop rapid deployment systems of improved, 

salt tolerant E. occidentalis. This was done by examining flowering synchrony between 

provenances, floral stimulation of some families using a combination of paclobutrazol 

and extended 16 h light before and after reproductive maturity, observation of grafting 

compatibility between provenances and comparison of cuttings and seedlings from the 

same E. occidentalis families under salt and/or waterlogging conditions.  Appropriate 

deployment strategies are proposed. 

5.2  Materials and method 

5.2.1 Floral Induction 

 
Seedlings 

Seed were sown on 7th Feb 2006 (Experiments 1 and 2) or 16 December 2004 

(Experiment 3) in 64 miniplug trays with individual plug size was 3.5 x 3.5 x 5 cm. 

Uniform seedlings were transferred to pots (15 cm diam. x 15 cm height) containing 

Premium P/CM potting mix (Baileys Fertilizers, Perth) after 3 weeks (Experiments 1 

and 2) or repotted after 15 months (Experiment 3). Depending on seedling availability 

similar families or provenances were used for Experiments 1, 2 and 3. 

 

Experiment 1:  Day-length Extension   

A total of 96 five week-old seedlings of four families from four provenances were 

set up for 2 treatments in a randomized complete block design (3 replicates of 4 

seedlings per block) on nursery benches. For this experiment, the families tested were 

86, 96, 138 and 151 from provenances Beaufort, Lake Magenta, Grass patch and Red 

Lake Siding respectively. Plants were held either under natural day light (10 h 20 m – 

12 h 45 m day light) or under 16 h light treatments using daylength extension from 14 

March 2006. Seventy-five watt incandescent light bulbs were strung 1.5 m above the 

nursery bench 1 m apart to extend day length. The lighting timer was set up for 2 hours 

pre-dawn  (04.00 – 06.00) and 2 hours after dusk (18.00-20.00) giving a total daylength 

of 16 h. A Quantum meter (Apogee Instrumentation, Utah USA) indicated that these 

artificial lights gave additional   5-11 μmol m-2 s-1  light on the soil surface and  50-100 

μmol m-2 s-1  at the top of seedlings before dawn and after dark. Light during the day 

was  43 - 68 μmol m-2 s-1 on the soil surface and 143 - 242 μmol m-2 s-1 at the top of 

seedlings.   
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Experiment 2:  Soil drench Paclobutrazol  

A soil drench of paclobutrazol (‘Payback’, Brisbane Qld) with active ingredient 25 

g.a.i. L-1) was applied.  Six families of five week-old seedlings (sown on 7 Feb 2006) 

were arranged in randomized complete block design (3 replicates with 2 seedlings per 

block) and  giving a  total of 72 seedlings on nursery bench. These families, 86, 96, 108, 

138, 151 and 153, represented 5 provenances; Beaufort, Lake Magenta, Young river, 

Grass patch and Red Lake Siding as the last 2 families were from the same provenance.  

All seedlings were exposed to 16 h daylength extension as in Experiment 1 

commencing on 14 of March 2006 (5 weeks after germination). Thirty six seedlings 

were treated with paclobutrazol and the first application was at  2 months of age (5th of 

April) with concentration of 4 mg active ingredient (a.i)/mm of stem circumference in a 

1 L per pot solution and second application was when plants were 4 months old on 14th 

of June with concentration of 6 mg a.i / mm L-1. 

 

Experiment 3: Stem injection Paclobutrazol 

Twelve families from 7 provenances, 14 (Stirling), 30 (Katanning), 86 (Beaufort), 

94 and 96 (Lake Magenta), 108  and 111 (Young river), 136 and 138 (Grass patch), and 

149, 151 and 153 (Red Lake Siding) representing a salt and waterlogged screening 

experiment (Chapter 4) were used.  Fifteen month old seedlings were arranged in a 

randomized complete block design (2 seedlings per plot and 3 replicates), giving a total 

of 144 seedlings. All plants were exposed to: 16 h using daylength light as in 

Experiment 1 at this age. Paclobutrazol using stem injection was applied at age 18 

months on 5 April 2006. Paclobutrazol concentration (‘Payback’, Brisbane Qld, with 

active ingredient 25 g.a.i. L-1) was 0 (control) or 1 mg. a.i/mm stem circumference and 

it was injected to 3 small holes (2 mm diameter and 2 mm depth)  at different compass 

points around the stem 5, 10 and 15 cm above the soil surface. A few individuals (8 of 

total 144 seedlings) from Lake Magenta (family 94 and 96), Young river (108 and 111) 

and Red Lake Siding (149 and 153) had borne their first flowers by 11 month old (1-8 

inflorescences) in February 2006 before light and paclobutrazol were applied, but the 

remaining seedlings of 5 families from Grass Patch, Katanning, Stirling and Beaufort 

had never produced any flowers.  All flowers were counted and removed for uniformity.  

An extra block of 12 seedlings, one for each family and not treated with 

paclobutrazol/as an additional, was placed under natural light as a control. In this block 

3 individuals flowered before the experiment began. 
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Measurement and data analysis 

Heights and diameters for Experiment 1 were measured before light application 

(March and in April, June and October 2006 and for Experiments 2 and 3 before 

paclobutrazol application (April) and in June and October 2006. The average minimum 

and maximum monthly temperatures were 5.8-10.3°C (mean daily minima) and 25.7-

30°C (mean daily maxima) in April-June with 10 h - 11 h daylength and  monthly 

temperatures 6.5 -10.3°C (mean daily minima) and 17.7-24.1°C (mean daily maxima) in 

June-October with 10 - 12.5 h daylength.  Number of flowers (inflorescences and buds) 

were observed and recorded in April (before paclobutrazol but after 3-week light 

treatments), August and October/November 2006 (the first flowering season after 

treatment/ the second year of flowering for some individuals). Data of stem height, 

diameter and relative growth were analyzed using a two-way analysis of variance with 

Genstat 9.2 (VSN International, Oxford). Due to initial height differences initial data 

was used as covariate. Family and paclobutrazol or light treatments were used as 

factors, while data on flowering individuals were analyzed using ANOVA after 

assigning with 0 (no flowers) and 1 (with flowers) to see family significance and then 

the real flowering values were analyzed using ANOVA followed by Tukey’s least 

significant differences to assess the means.    

5.2.2 Flowering observation 

 
Plant materials  
 

Monitoring of flowering was undertaken among 310 individuals with different 

numbers of plants per family or provenance. These plants were germinated in 15 

December 2003 and had experienced salt and or waterlogging screening in October 

2004-January 2005 (Chapters 3 and 4 of this thesis).  These were transplanted into 

single pots (15 cm diameter and 15 cm height) containing potting mix (Premium P/CM, 

Baileys Fertilizers, Perth) and raised for a further 10 months (23-month old).  Due to 

very high survival rate, not all individuals surviving under non salt (control and 

waterlogging) were raised.  

 

Observation 

Numbers of plants to bear flowers were observed at 23-30 month old from flower 

initiation in 3 November 2005 to 7 June 2006 every 2 weeks. When flowers reaching 

anthesis,  observation by counting the opening flowers was undertaken more frequently 
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(every other day). Individual opening flowers were counted instead of number of 

inflorescence in all plants that borne flowers.  

Data analysis 

 
Number of plants of each family to bear flowers was counted to assess proportion 

of flowering individuals of each family or provenance. This observation was carried out 

on the surviving population as a whole without replication.  Flowers at opening were 

assessed to estimate flowering synchrony and possible occurrence of natural pollination 

between plants.  The results of flowering observation were graphed after frequencies of 

flowers per family or provenance were counted.  Proportions of seedlings to flower after 

non-salt and salt screening were t-tested using Genstat 9.2 (VSN International, Oxford). 

5.2.3 Grafting compatibility 

 
Rootstock materials 
 

Seeds for rootstocks were collected from E. occidentalis natural distribution 

representing 15 provenances. Seeds were sown in December 2003 on 64 plug trays 

(each plug was 4 x 4 x 15 cm) filled with potting mix premium P/CM (Baileys 

Fertilizers, Wanneroo, WA).  Trays were arranged randomly on the benches and 

automatically watered 3x daily.  Two months after germination, plugs were thinned to a 

single seedling.  Seedlings were transferred to bigger pots (15 diameter x 15 cm height) 

with the same media after 6 months and grown for a further 4 months to reach 4 - 6 mm 

stem diameter suitable for grafting. 

 

Scion materials 

Scions materials were collected from 10 families of 10 provenances from the 

Forest Products Commission Seedling Seed Orchard established in 1998 (6.5 year-old 

trees). Branches having the most suitable scion stem size (4 - 6 mm) from the upper-

most part of the crown were selected. Selected twigs from branches were hardened past 

the new, soft shoot phase but were not too old to shape to fit the graft to form a good 

union with the rootstock. Young scion materials that are easily wilt and that have 

undeveloped cambium, or old scion material that was too woody and difficult to cut into 

a shape, were avoided. Twigs were cut longer than required and wrapped in damp paper 

in an insulated box with ice and transported to the nursery. At grafting time twigs were 

trimmed to the appropriate scion size.   
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Grafting Method 

Grafting was carried out using cleft method from 5 January - 10 April 2005. Scion 

materials were soaked in  5 L water mixed with 0.5 grams of fungicide (Benlate) for 3 

minutes before cutting into the appropriate size. Individual scion cuttings were 2.5 - 9.5 

cm long, had two nodes with two leaves attached, preferably without axillary shoots. 

The top of the scion was cut on a slight slope to allow water to run off leaving about 0.5 

cm above the upper node. The lower edge was cut into a V shape with a scalpel blade 

(no. 24) about 3 cm below the lower node. All scions were prepared with a smooth cut 

surface to make perfect cambium contact with the rootstock. The diameter of cut scions 

was matched to the diameter of rootstock stems.  Rootstock sections with similar 

diameter were cut transversally and split longitudinally. Scion base with V-shaped 

wedge was inserted into the longitudinal split in the rootstock, and then bound 

thoroughly with PVC Budding Tape. This tightened the join and protected against water 

loss, dryness, and disease.  Blades were cleaned prior to each cut with 70% alcohol. 

After each graft, the upper surface of the scion was covered with Steri-Prune paint to 

avoid water loss and disease entry. Leaves attached to the scion were cut in half to 

reduce transpiration. Grafted plants were placed in a green house with shading (40%) 

and automatically watered 3x daily. Scions were measured for:  length (2.5 - 9.5 cm), 

diameter, number of nodes (1,2), number of first leaves (0,1,2). Plants were weeded 

fortnightly, competitive new shoots below the join were removed. For 4 months, 

survival and time of axillary shoot emergence were recorded. At the end of the trial (10 

April 2005), shoots and leaf number were assessed.   

 

Experimental Design for grafting 

a. Experiment 1 

Nine provenances were used for the compatibility study. These were arranged in 3 

sets and each set was a factorial of: 3 provenance rootstock x 3 provenance scion, 

totaling 27 grafting combinations for 3 sets. Each provenance was represented by 15-18 

scions, set in 3 different provenances. A two-way ANOVA analysis was used followed 

by Least Significant Difference to separate means. Sixty grafts were used for correlation 

analysis between scion characters and grafting growth. Shoot development was 

calculated by multiplying diameter and height of new shoots. Due material availability, 

grafting compatibility studies within family were not conducted. 

 



Chapter 5 
_____________________________________________________________________________________ 

 134 

 

b. Experiment 2  

The second trial used 10 families from 5 provenances for scions and was grafted 

on to rootstocks from 9 families from 8 provenances (as 9 replicates). Families for 

scions were chosen from trees in the Seed Orchard with good growth (height and 

diameter). Plants arranged in a complete randomized design and significant differences 

were analyzed between families as rootstocks and between families as scions and 

determined by one-way ANOVA and Least Significant Difference to separate means.   

5.2.4 Comparison between cuttings and seedlings 

 
Mother plants of 5 families (86-Beaufort, 96-Lake Magenta, 138-Grass Patch, 151 

and 153-Red Lake Siding) which represented families for screening experiment under 

salt  and/waterlogging conditions (Chapter 4) were used as sources for cutting materials. 

Their performances under salt-waterlogging treatment up to 550mM were classified 

based on combined traits with families 86-Beaufort and 153-Red Lake Siding were high 

salt tolerant, family 151-Red Lake Siding was medium and families 96-L Magenta and 

138-Grass were low.  Seeds of these families were sown on 7 February 2006.  After 1 

month, 15 seedlings/family were transferred to single pots (15 cm diameter and 15 cm 

height) containing potting mix (Premium P/CM, Baileys Fertilizers, Perth) and added 

with NPK fertilizer (0.6 gram) to boost growth after a further 2 months.  At 5 months 

old (July 2006), seedlings were pruned back to 10 cm above the soil to stimulate multi-

shoot development. Pruning was repeated on 6 September on the main and secondary 

stems, which had grown >10cm, to stimulate further shoot development. On 13 October 

2006 (8.5 months old), when new shoots were > 15-20 cm, cuttings with at least 2 nodes 

and 2 leaves, were taken with the base of cuttings cut just below the nodes. The top half 

of leaves and young shoots of each cutting were removed. Each family was represented 

by 56 - 138 cuttings. Cuttings dipped in Rootone-F with fungicide (Superior Growers 

Supply, Inc) were inserted to around half of their length into 64 miniplug-trays 

containing media potting mix (Premium P/CM, Baileys Fertilizers, Perth), perlite and 

vermiculite (1:1:1). Trays were arranged in a trough containing sand heated at 28°C 

providing 24-25o C heat in the cutting media.  This was carried out in the glass house. 

The cutting bed was misted using nozzles placed 75 cm above cuttings for 7 sec every 

15 min. Trays were removed from the bed after roots started to emerge from the bottom 

(1 month) of the plug to allow the roots to develop in the plug instead of into sand in the 

cutting bed. When rooted cuttings were 3 months old (16 January 2006), roots were 
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trimmed to 6 cm and cuttings were transplanted to single pots (15 cm diameter and 15 

cm height) containing potting mix (Premium P/CM, Baileys Fertilizers, Perth). All pots 

were arranged in the outside nursery area under natural light and irrigated 3 times daily.   

Seeds to produce seedlings from the same 5 families were sown on 11 November 

2006, a month delayed after setting the cuttings so that growths of the two plant types 

were comparable.  Most seed germinated within 3 weeks. After 2 months (16 January 

2006), seedlings were transplanted to single pots (15 cm diameter and 15 cm height) 

containing potting mix (Premium P/CM, Baileys Fertilizers, Perth) with roots that had 

not developed lateral roots were left intact. Pots were arranged outside the nursery area 

under natural light and irrigated 3 times daily.   

Seedlings (4.5 months old) and cuttings (5.5 months old) were exposed to control, 

waterlogged and salt-waterlogged treatments commencing on 2 April 2007.  In the 

control treatment, plants were watered 3 times a day for 15 minutes by pumping water 

with nutrients from a trough into the tank and then letting it drain. Waterlogged and salt 

waterlogged-treated plants were arranged in 2 different tanks and flooded up to 3 cm 

below the top of the pots both with non-salt containing nutrient solutions for 2 weeks 

for adjustment to flooding. Afterwards, plants were treated with their separate non-salt 

and salt solution up to 11 weeks. A complete hydroponics nutrient solution at half 

recommended concentration (Three Part Perfection, Wanneroo, WA) was added to all 

treatment solutions and replaced weekly.  In the salt-waterlogged tank, salt was added 

and increased in equal weekly increments over 10 weeks to 500 mM NaCl. The salt 

solution was at a ratio of NaCl:CaCl2 = 14:1, to equate to natural calcium content. For 

each treatment, 3 replicates of 3 seedlings and cuttings were randomly allocated in the 

tank, while 3 others from each were used for sampling of roots, leaves and wet and dry 

weight assessments at 0 mM salt. At the end of the experiment, three individuals of each 

plant type, each family and each treatment were sampled for roots, leaves and wet and 

dry weight assessments.  

 

Measurement and data analysis 

Cutting production 

The ability of a family to produce good cutting material was assessed.  The 

success of cuttings was measured from shoot elongation at 3 periods (3, 6 and 8 weeks). 

When cuttings were transferred into individual pots, rooting and survival were assessed 

at three periods (3, 4 and 5.5 months old). 
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Height, diameter,  leaf number and biomass 

Heights and diameter (2 cm above the soil) were assessed at 0 mM, 300 mM and 

500 mM salt. All leaves were marked at 0 mM, 300 mM and 500 mM to recognize the 

number of new leaves produced or lost.  Assessments of wet weight and dry weight 

were carried out for three seedlings and cuttings at 0 and 500 mM salt concentration.  

Root data  

Roots were sampled and assessed for dry weight and root length from 3 seedlings 

at 0 mM and 500 mM. Root lengths at 500 mM were measured using a scanner and 

analyzed using Winrhizo v 4.1c (Regent Instrument Inc, Quebec, Canada).  

 

Leaf salt analysis 

The most recent leaves were collected as a mixture of 3 individuals within 

replicates at 0 mM, 50 mM and 300 mM salt and as individual plant at 500 mM. 

Increasing numbers of leaves occurred over time, meaning the location for sampling the 

most recent leaves for salt content analysis varied. In the first week the lowest leaves 

were sampled, at 6 weeks leaves with different marker around middle-part were taken 

and at 11 weeks around one-third of the top leaves were collected. The leaves were oven 

dried and ground. Ion analysis was performed by mixing 0.1 g ground sample with 10 

ml of 0.5 M HNO3 and shaking for 48 hours at room temperature.  Analysis for sodium 

content was carried out using a Jenway PFP 7 Flame photometer (Sherwood Scientific 

Ltd, Cambridge England) and for chloride content using a Buchler-Cotlove 

Chloridometer (Buchler Instruments Division Nuclear-Chicago Fort Lee, New Jersey 

07024 USA). 

 

Data analysis 

Data were analyzed using analysis of variance with treatments, family and plant 

types as factorials using Genstat 9.2 (VSN International, Oxford). If there were 

variations in early assessments (0 weeks) these data were used as covariates.  

Differences between means were examined using Tukey’s LSD. 
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5. 3 Results 

5. 3. 1 Floral Induction 

 
Experiment 1 –With/out Extended Daylength (1 month-old plants) 

Some nine month-old plants initiated flowers in November after 8 months of 16-h 

extended daylength treatment. No flowers were initiated under natural daylength (10 h – 

12.5 h).  Flowering only occurred in two families, 96-L Magenta (8/24 plants with 1-3 

inflorescences each), and 151-Red Lake Siding (1/24 plants with 5 inflorescences). 

Inflorescences had 4-6 floral buds in 96-L Magenta and 1-2 buds in 151- Red Lake 

Siding with an overall average of 3.8 buds per inflorescence.  

Plants initially grew taller under 16 h extended daylength treatment than under 

natural daylength. All families under natural daylength were shorter at 5 cm tall, 

compared with 12.6 cm  under 16 h extended daylength treatment after 3 weeks (p = 

0.01). After 11 weeks, plants under natural light remained shorter (36.9 cm) than those 

under  extended daylength treatment (46.0 cm, p = 0.01). However by 25 weeks, most 

plants were of similar height (72.6 compared to  72.4 cm; no significant difference).  

Height differences between families were not aligned with flower initiation. 

During the first 3 weeks of 16 h daylength extension, plants from all families grew taller 

by (from 50% to 150%) than under natural daylength (p = 0.01). By 11 weeks 96-Lake 

Magenta was similar in height under both light regimes whereas 86-Beafort River, 138-

Grass Patch and 151-Red Lake Siding remained taller under 16 h daylength extension (p 

= 0.01). By 25 weeks 96-Lake Magenta was shorter under 16 h daylength extension 

than under natural daylength (p = 0.01). The other three families (86-Beafort River, 

138-Grass Patch and 151-Red Lake Siding) were the same height under both light 

regimes. 151-Red Lake Siding was the tallest family overall (p = 0.01).  

Changes in relative growth based on height provided the only consistent 

relationship between families with initiated flowers and light regime.  After three 

weeks, 16-h daylength extension increased relative growth and families which had 

initiated flowers were generally shorter than the barren families (p = 0.01). From weeks 

3 to 11, relative growth of families under 16 h light, and did not flower, were similar to 

families under natural daylength which did not flower.  This was greater than relative 

growth of families which had initiated flowers. The lower relative growth rate in 

families which flowered, compared to that of non-flowering families under either 

natural or 16 h daylength, continued through weeks 11 to 25.  
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Experiment 2 – Extended daylength (16 h) ±  Paclobutrazol (1 month-old plants) 

Some plants from two families, 86-Beaufort and 96-Lake Magenta, initiated floral 

buds under 16 h daylength after 4 months when they were 6 months old (Table 1). No 

other families initiated flowers under 16 h daylength conditions at either 6 or 9 months 

of age. Three families treated with both 16 h daylength and paclobutrazol had 

individuals which had initiated flowering at 6 months old, and five families had initiated 

flowering when they were 9 months old. The only family which did not initiate flowers 

was 151-Red Lake Siding. Extended daylength plus paclobutrazol stimulated the 

initiation of more floral buds in 9 month-old plants than the 16 h daylength treatment 

alone. Family 96-Lake Magenta had more floral buds than the other families with some 

floral buds abscissing before reaching anthesis.  

In April, when plants were 2 months old, the tallest family with the highest growth 

rate was 151-Red Lake Siding under both 16 h control and 16 h + paclobutrazol 

treatment (Figs. 1 A and B). By June (4 months-old) and again in October (8 months-

old), family differences had disappeared but paclobutrazol reduced height across 

families (Fig. 2 A). This was reflected in relative growth rate (Fig. 2 B).  

 

 

Table 1.   Number of seedlings and number of floral buds in Eucalyptus occidentalis 
families under 16 h light or 16 light + paclobutrazol (Pac) soil drench (4+6 
mg a.i/mmL-1) when they were 6 and 9 months old in Experiment 2. 

 

 Number of seedlings to flower  Total number of floral buds 

Family 
August  

(6 months old) 
November 

(9 months old)  
August  

(6 months old) 
November 

(9 months old) 

 
16 h 

   
16 h +  
Pac   

16 h 
  

16 h +  
Pac    

16 h 
  

16 h + 
Pac   

16 h   
 

16 h +  
Pac   

 86-Beaufort 1 - 1   1  9 - 9 13 
 96-L Magenta 1 1 2   3  3 17 9 31 
 108-Young River - 1 -   1  #  - 15 -   4 # 
 138-Grass Patch - 1 -   1  #  - 11 -   7 # 
 153-Red Lake S - - -   1  - - - 16 
 151-Red Lake S 
 

- 
 

- 
 

- 
 

   - 
  

- 
 

- 
 

- 
 

- 
 

No. of seedling to flower (November):  paclobutrazol treatment ns, between family : ns 
No. of floral buds (November)           :  paclobutrazol treatments * (lsd 15), family * (lsd 2.7), 
# = floral buds abscised 
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Figure 1.   A. Initial heights, and B. relative growth of Eucalyptus occidentalis seedlings 

in April (2  months old) in Experiment 2. 
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Figure 2.   Seedling height, A. and B., relative growth ((final height - initial 

height/initial height)*100 %) of Eucalyptus occidentalis families in June (4 
month old) and October (8 month old) under 16-h with and without 
paclobutrazol in Experiment 2. 
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Experiment 3- Extended daylength ±  paclobutrazol (17 month-old plants) 

Six of the twelve families flowered before November 2005 when plants were 11 

months-old; before treatment began. In 108- and 111-Young River and 149- and 153 

Red Lake Siding only 1 plant/family flowered but 5/12 plants flowered in 94-Lake 

Magenta and 2/12 in 96-Lake Magenta and in total this represented 11/156 of plants.  

In November 2006 when plants were 23 months-old (second flowering season), all 

families treated with daylength extension had an individual plant flowering, 

representing 43% of all plants (Fig. 3). Five families (94 and 96-Lake Magenta, 86-

Beaufort, 108-Young River and 153-Red Lake Siding) had floral buds on more plants 

per family. Application of paclobutrazol did not improve the number of flowering plants 

compared to daylength extension alone but the chemical treatment did improve the 

number of floral buds initiated. On average, across the families, extended daylength 

increased the number of inflorescences to one per plant each with 6 floral buds. 

Paclobutrazol further increased flowering to 2 inflorescences/plant each with 6 floral 

buds. (Fig. 3). Few plants flowered in families from Katanning and Grass Patch.  Very 

few individuals flowered in the control block under natural light. 

Across families there was no difference in height between plants grown under 16 h 

light and 16 h + paclobutrazol. However, plants under daylength extension (16 h) were 

on average 20% taller than under natural light when 23 months-old.  
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A. Number of plants to flower (November, 2006) 
 

0

2

4

6

94
-L

M
ag

96
-L

M
ag

86
-B

ea
uf

10
8-

You
ng

15
3-

Red

11
1-

You
ng

15
1-

Red

14
- S

tir
l

14
9-

Red

13
6-

Gra
ss

30
- K

at

13
8-

Gra
ss

Family

T
ot

al
 n

um
be

r 
of

 
flo

w
er

in
g 

pl
an

ts
16-h
16-h + paclobutrazol

 
Number of plants to flower:  treatments: ns, family:  **  (lsd  0.8) 
 

 

 
B. Number of buds between families (November) 
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LMag = Lake Magenta,  Beauf = Beaufort, Young = Young River, Red = Red Lake Siding 
Stirl = Stirling,  Grass = Grass patch, Kat = Katanning 

 

 

Figure 3.   Flowering in Eucalyptus occidentalis families at age 23 months, exposed to 7 
months daylength extension (16 h) with or without paclobutrazol (1 mg/mm 
stem circumference) and one block of control (natural light) in Experiment 3. 
A. Number of plants/family.  B. Number of floral buds/family. 
Significance: ns = not significant, ** P<0.05, *** P<0.01 

 
 
 
 

 



Chapter 5 
_____________________________________________________________________________________ 

 143

6.7

7.5

8.1

8.3

11.8

12.8

17.8

23.8

25.0

0 5 10 15 20 25 30

Stirling range

Red Lake Siding

Grass Patch

Beuafort river

Truslove

Katanning

Young river

Lake Magenta road

Gordon river

P
ro

ve
na

nc
e

Proportion of  plants to flower (%)
 

 
Figure 4.   Proportion of plants flowering (%) in Eucalyptus occidentalis provenances 

from November 2005- March 2006 (23 - 27 month old). 
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5.3.2  Natural Flowering  

 
Across the 20 families and 9 provenances only 11.6% naturally flowered by the 

time they were 2-2.5 years-old.  Most initiated flowers in November 2005 (50.5%) 

when they were 23 months-old or in December 2005 (44%) with only a few from 

January to March 2006  (5.5%).  

Flowering varied with genotype. Between 6.7 – 25% of plants flowered within 

provenances (Fig. 4). Within Young River and Lake Magenta, all families had some 

plants that bore flowers. Flowering of plants varied in families within provenances, 

especially in Beaufort River (0-33%), Katanning (0-25%) and Red Lake Siding (0-

10%).  The proportion of plants to flower ranged from a third of plants in families 85-

Beaufort and 96-Lake Magenta to none in 15-Stirling, 34-Katanning, 84, 88-Beaufort 

River, 136,138-Grass Patch and 122, 148, 149 and 151- Red Lake Siding.  

 
Flowering synchrony  
 

Flower abundance varied between provenances and the average number of flowers 

reaching anthesis ranged from 7 to 54 per family.  Flower anthesis started in early 

February and continued until early June 2006. Peak flowering occurred at the end of 

March 2006 with t50 (time to reach 50% flowering) at this time and hence anthesis was 

normally distributed (p = 0.05) throughout the season.  
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Figure 5.   Trend of provenance flowering  indicated through average number of  

flowers per family reaching anthesis within Eucalyptus occidentalis 
provenances (February 2006- June 2006) 
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Timing of anthesis varied between provenances of E. occidentalis (Fig. 5). 

Katanning, Truslove, Gordon River and Beaufort River had similar peaks in anthesis on 

20 February. Young River and Lake Magenta peaked on 31st of March. Grass Patch 

peaked on 30 April with the most flowers open, Young River had the longest duration 

of anthesis from mid-February till the end of May.  Provenances with similar flowering 

time were not associated in terms of climate, altitude, longitude or latitude from which 

the collections originated. Annual maximum temperature in the localities of Gordon, 

Lake Magenta and Stirling Range provenances were equivalent to that in the nursery, 

however Gordon and Lake Magenta had the most plants to flower (Fig. 4) but Stirling 

Range had the least and peaks in anthesis were quite diverse between the three 

provenances. Only a small proportion of these plants (11.6 %) flowered. More plants 

flowered from salt treatments (12.4 %) than from non-salt treatments (8.3%) (P < 0.01).  

4.3.3 Grafting compatibility 

 
New shoot growth (Combined Exp 1 & Exp 2) 

New shoots from scions generally appeared 3 – 6 weeks after grafting. The grafted 

scion started to die after 6 weeks and few scion died after 13 weeks. Half of the grafts 

survived including 9% of scions that were still green but without any shoot growth. 

Scion characteristics were correlated to some extent with new shoot development. 

Most new shoots had small diameter but were very long. Increasing scion length had no 

correlation with height, diameter or number of new shoots but it slightly decreased 

shoot size (diameter x length) as in the equation:  

Shoot size (mm3) = -164 scion length (cm) + 1646 

 (R = 0.3*, P 0.05, n = 60)  

Short scions (2.5 - 4 cm) produced larger shoots than the longer scions (4 - 8 cm). 

Increasing scion diameter also had a minor effect on increasing shoot size as in the 

equation: 

Shoot size (mm3) = -103 scion diameter2 (mm2) + 1335 scion diameter -3251,  

 (R = 0.3, P 0.05,  n = 60)  

Scions with a smaller diameter (3.5 – 5 mm) produced smaller shoots (average < 750 

mm3) and larger diameter (6 - 7 mm) produced larger shoots (>1000 mm3). Increasing 

the number of original leaves on scions especially from 0 to 1 or 2 decreased the 

number of new leaves on shoots as in the equation:  

New leaves on shoots = -5.5 scion leaves + 24 

 (R = 0.36, P 0.05, n = 60)   



Chapter 5 
_____________________________________________________________________________________ 

 147

Increasing the number of original scion leaves had no effect on the number but reduced 

the size of new shoots as in the equation: 

  Shoot size (mm3) = -319 scion leaves + 1297  

 (R = 0.3, P 0.05, n = 60) 

Scions without leaves produced shoots with the most new leaves (>20) followed by 1 

(15-20) and 2 leaves (10-15).  

 

Experiment 1- Compatibility (3 x 3 factorial) 

Some grafted provenance-pairs were more successful than others (Fig. 6). Some 

rootstock-scion combinations, such as Bremerbay-Dumbleyung and Cape Rich-Young 

River had 100% survival after 4 months. In 5 of the 27 combinations, all grafts died. 

Among the graft combinations, nine had scion and rootstock from the same provenance 

and their survival varied, none from Katanning and Lake Magenta survived, a third of 

Cape Rich and Lake Dunn and roughly half of Truslove, Bremerbay and Young River 

survived whilst Dumbleyung and Lake Dunn had the best survival of 80-83%.  

When comparing across scions, different provenances used as rootstock had no 

effect on survival, or growth of new shoots (number of leaves, diameter and size). 

However the provenance used as scions influenced graft survival and Young River and 

Dumbleyung Lake had the highest (>80%) survival (p =0.05). Provenances as scions 

did not affect  the number of new shoots, diameter or size but Dumbleyung and Lake 

Dunn produced shoots with the most leaves (>19) while Katanning had the least leaves 

(4, p = 0.05). 
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a. Survival 
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Figure 6.  Survival (%) of Eucalyptus occidentalis graft from 3 sets reciprocal rootstock - 
scion (n = 5) of provenances A.  Bremerbay, Katanning and Dumbleyung with 
rootstocks Bremerbay, Katanning and Dumbleyung B. Young River, Cape Rich 
and Lake Dunn with rootstocks Young River, Cape Rich and Lake Dunn and C. 
Lake Magenta, Lake Dunn and Truslove with rootstocks Lake Magenta, Lake 
Dunn and Truslove  
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Experiment 2 - Compatibility 10 x 9 families 
 

About one-third of grafts from most families used as rootstocks survived with a 

range from 7-36% (Fig. 7). Success varied within provenances and grafts with 103-

Jerducuttup as a rootstock had twice the survival of 107-Jerducuttup. Grafts from ten 

families used as scions had a wider range of survival 0-60%. Within grafts using five 

families, 30-, 33-, 34-, 35- and 36-Katanning from the same provenance as scions, 

survival varied from10%- 60%. Families used either as rootstock or as scion had no 

consistent effect on the number, new leaves or size of new shoots. 
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A. Family as rootstock 
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0

20

40

60

102-    
L Dunn

35-  
Kat

14-  
Stir

63-  
Dumbl

30-  
Kat

53-  
Gor

34-  
Kat

36-  
Kat

57-  
Dumbl

33-  
Kat

Scion Family

S
ur

vi
va

l (
%

)

 
 
 
Figure 7.  Survival of Eucalyptus occidentalis grafts using A. families/provenances as 

rootstocks (n = 9) and B. families/provenances as scions (n = 10). (Ong = 
Ongerup, Jerd = Jerducuttup, Grass = Grass Patch, Jerrum = Jerrumungup, 
Pall = Pallerup, Rav = Ravensthrope, Young = Young River, Rocky = 
Rocky Gully, LDunn = Lake Dunn, Kat = Katanning, Stir = Stirling 
Range, Dumb = Dumbleyung, Gord = Gordon River) 
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5.3.4  Comparison of cuttings and seedlings 

 
Genotypes varied in their response to pruning. Eight month-old mother plants 

from families which had been repeatedly pruned to stimulate new growth, varied in their 

ability to produce stems for 2-node cuttings (Fig. 8). Families 138-Grass Patch and 153-

Red Lake Siding produced the highest number of 10 and 9 cuttings per mother plant 

respectively and Family 86-Beaufort had the lowest with 6 cuttings.  

After 8 weeks, the proportion of 2-node cuttings where buds had elongated into 

shoots varied (Fig. 9).  Family 96-Lake Magenta produced the most shoots with 61% of 

cuttings producing one or more shoots, followed by 153-Red Lake Siding and 86-

Beaufort with 47 - 52% cuttings with shoots. Over the next 3 months, 96-Lake Magenta, 

(low salt tolerance) had cuttings with the best survival of 61% followed by 153 Red 

Lake Siding (high salt tolerance) with 47 % (Fig. 9).  Only cuttings with roots were 

transferred to pots and even though some plants died by 5.5 months, 96-Lake Magenta 

(30% of cuttings) and 153-Red Lake Siding (28% of cuttings) still had the best survival 

of rooted cuttings. These were the only two families with sufficient rooted cuttings for 

further treatment under waterlogging and salt waterlogging.  
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       Between family: ***  (P<0.001), lsd = 1.68 
 
Figure 8.   Number of 2-node cuttings able to be taken from 8.5 month-old mother 

plants that were pruned twice to stimulate multiple shoot development from 
5 different Eucalyptus occidentalis  families  (Grass = Grass Patch, RedLake 
= Red Lake Siding, LMagenta = Lake Magenta, Beaufort = Beaufort River) 
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A. Shoot elongation 

0

30

60

90

96- LMagenta 86 - Beaufort 153-RedLake 138-Grass 151-RedLake

Family

C
ut

tin
gs

  
w

ith
 s

ho
ot

s 
(%

)

3 weeks
6 weeks
8 weeks

 
  Family: *** (P<0.001),  lsd  8 week = 2.94 
 
B. Rooting and survival  
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  Family: *** (P<0.001), lsd 3 months = 1.58 
 
Figure 9.  A. Proportion of cuttings which had living shoots at 3, 6 and 8 weeks after 

taking and setting cuttings from 5 different Eucalyptus occidentalis families  
B. Rooting (%)  at 3 months and  cutting survival (%) at 4 and 5.5 months of 
E. occidentalis from 5 different families  (Grass = Grass Patch, RedLake = 
Red Lake Siding, LMagenta = Lake Magenta, Beaufort = Beaufort River).       
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Seedling growth from sowing until age 5 months varied. Seedlings of 153-Red 

Lake Siding were substantially bigger than seedlings of 96-Lake Magenta at the 

commencement of the experiment, when seedlings were 5 months-old (0 weeks, Fig.  

10).  

All plants grew well under controlled conditions (Fig 10). After 11 weeks, 96-

Lake Magenta seedlings were 20% taller than cuttings and in 153-Red Lake Siding 

seedlings were 50% taller than cuttings. Seedlings of 153-Red Lake Siding remained 

taller than 96-Lake Magenta seedlings throughout the experiment. In 153-Red Lake 

Siding, plant diameter generally reflected differences in plant height. However after 11 

weeks 96-Lake Magenta seedlings and cuttings had similar diameter. Seedlings of 96-

Lake Magenta had the highest relative growth rate from 1-6 weeks but growth rates of 

all plant material were similar from 6 to 11 weeks.  

Under waterlogged conditions, plants generally grew less than under controlled 

conditions (Fig. 10). Seedlings from 153-Red Lake Siding remained the tallest plants 

with the largest diameter throughout the experiment. After 11 weeks 96-Lake Magenta 

seedlings were taller than cuttings but their diameters were the same. From week 1 to 6, 

96-Lake Magenta seedlings had the highest growth rate but their cuttings had the lowest 

growth rate from week 6 to 11. 

Under salt waterlogging (500 mM), both types of plants from family 153-Red 

Lake grew taller than both types of 96-Lake Magenta by 11 weeks and seedlings in 153-

Red Lake had larger diameter than cuttings (Fig. 10).  Seedlings and cuttings in 153-

Red Lake had similar relative growth. In contrast, 96-Lake Magenta seedlings always 

had the more relative growth than cuttings.  
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A. Height 
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 Plant type at 6 and 11 weeks: ***  (P<0.001) , lsd 6 weeks: 8.33,  lsd 11 weeks: 6.92. 
Under control: family, plant type and fam.plant type: *** 
Under waterlogging:   family, plant type and fam.plant type: ***    
Under salt-waterlogged, family, plant type and fam.plant type at 300 and 500mM : ***   

lsd family = 5.47, lsd plant type = 3.93, lsd fam.plant type = 4.49 
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B. Diameter 
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 Plant type at 6 weeks: ** (P = 0.001)  and 10 weeks: *** (P<0.001),   

           lsd 6 weeks: 0.19, lsd 10 week: 0.27    
Under control at 11 weeks: Fam: ns, Plant type and Fam.Plant type : *** 
Under waterlogging at 11 weeks: Fam: ns, Plant type and Fam.Plant type : ** 
Under salt-waterlogged (500mM): Fam  **, Plan type and Fam.Plant type  ***  
            lsd Fam = 0.36   lsd Plant type = 0.36   lsd Fam.Plant type = 0.5    
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C. Relative growth 
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 Plant type at 1-6 week: *** (P<0.001), Treat at 6-10 weeks: ***(P<0.001),   

              lsd plant type at 1-6 week = 9.69 
Under control 1-6 w: Plant type :* Interaction **, 6-11 w : (all) ns   
Under waterlogging 1-6 w: Plant type :**, interaction: **  6-11 w : (all) ns   
Under salt-waterlogged,  plant type at  300- 500mM : *** (P<0.001),  
               lsd   plant type = 4.8      

 
Figure 10. A. Height (cm) B. diameter (mm) and C. relative growth ((height-initial 

height)/initial height)*100%) of Eucalyptus occidentalis cuttings and 
seedlings of families 96-Lake Magenta and 153-Red Lake Siding under 
control (drained), waterlogged and salt-waterlogged treatments 
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At commencement of treatments, seedlings in 153-Red Lake Siding had more 

leaves (24 ± 2.4) than cuttings (15 ± 0.1) but seedlings of 96-Lake Magenta (14 ± 0.4) 

had less leaves than cuttings (20 ± 3). After treatment exposure for 11 weeks, leaf 

production increased and was varied under controlled and waterlogged conditions but 

was similar and low across plant materials under salt waterlogged conditions. Seedlings 

of 153-Red Lake Siding produced the most leaves, which was 58% higher than others 

under controlled and 29% higher under waterlogged conditions. Other plant material 

increased leaves by 127-150% in control and 129-136% in waterlogged conditions 

(Figure 11).   

Dry shoot/root ratio was similar before treatment (0 week) and under waterlogged 

conditions, but higher in control and salt-waterlogged treatments after 11 weeks.  

Cuttings had higher dry shoot/root ratio before and after treatments except under 

waterlogging. Under control conditions at 11 weeks, seedlings in 153-Red Lake Siding 

had a higher dry shoot:root ratio than seedlings in 96-Lake Magenta but under 500 mM 

salt-waterlogging, 96-Lake Magenta seedlings were always higher (Figure 12).  

At week zero, root lengths of cuttings were longer than seedlings. Conversely, 

under control conditions at 11 weeks, seedlings had much longer roots than cuttings and 

root length in seedlings was double that of cuttings from 153-Red Lake Siding. Cuttings 

and seedlings of family 96-Lake Magenta had similar root lengths under all conditions.  

Salt treatment reduced root length for all plant types with 30-83% shorter roots than 

control and 33-58% shorter roots than under waterlogging alone (Figure 13). 

Under control and waterlogged conditions,  sodium content from bulked 

leaves (3 seedlings mixed)  indicated relatively constant values at 0 – 6 weeks and a 

slight decrease after 11 weeks (3 individuals separately).  In contrast under salt-

waterlogging, sodium content was relatively stable at 0- 6 weeks and increased 47 - 

82% at 11 weeks. At 11 weeks, results of leaf analysis varied between treatments with 

sodium content under salt-waterlogging (1.4 - 1.8 mmolg-1) 5 - 8 times higher than 

control and 4 - 5 times higher than under waterlogging (Figure 14A). 

Similar trends with sodium content occurred for chloride analyses under 

control and waterlogging treatments. Under salt waterlogging, after stabilizing during 1-

6 weeks, chloride content increased up by 50 - 205% at 11 weeks.  At 11 weeks, 

chloride content between treatments varied and leaves had 12 - 35 times higher chloride 

content in salt-waterlogging (1.7 - 2.6 mmolg-1) than control and 7 - 18 times than 

waterlogging treatments (Figure 14B). 
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Figure 11.  Final leaf proportion ((number of final leaf - initial leaf/initial leaf)*100%) 

of Eucalyptus occidentalis cuttings and seedlings of families 96-L Magenta 
and 153-Red Lake Siding after 11 weeks of control (drained), waterlogged 
and salt waterlogged (500 mM) treatments.  
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Figure 12.    Shoot/root ratio of Eucalyptus occidentalis seedlings and cuttings from  

families 96-Lake Magenta and 153-Red Lake Siding. Comparison between 
0 week and after 11 weeks under control (drained), waterlogging and salt-
waterlogged (500 mM salt) treatments. 
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Figure 13.   Total root  length of Eucalyptus occidentalis seedlings and cuttings from 

families 96-Lake Magenta and 153-Red Lake Siding. Comparison between 
0 week and after 11 weeks under control (drained) (mean across plant 
materials = 99), waterlogging (mean = 92) and salt-waterlogged (500 mM 
salt) (Mean = 62)  treatments. 
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A. Sodium 
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C = control, W = waterlogged, SW = salt waterlogged 
Na and Cl :   between treatments (after 11 weeks)  ***  (P <0.001), lsd Na = 0.26, lsd Cl = 0.34 
 
Figure 14.  A. Sodium and  B., chloride  content of leaves of Eucalyptus occidentalis 

seedlings and cuttings of two families 96-Lake Magenta and 153-Red Lake 
Siding.  Comparison between 0 week, salt-waterlogging after 1 week (50 
mM),  control (drained), waterlogging and salt-waterlogged after 6 weeks 
(300 mM salt) and control (drained), waterlogging and salt-waterlogged 
after 11 weeks (500 mM salt). 
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5.4 Discussion  

 
Deployment of selected material can occur via a number of routes depending on 

the genetic gain required, breeding processes and vegetative propagation choices. In this 

chapter, methods were developed to hasten the breeding process through the 

manipulation of flowering and to vegetatively propagate selected material. These 

outcomes enabled cloning of selections for accelerated seed production. 

Flowering was hastened and promoted in young E. occidentalis plants and thus 

reduced the generational time for plant breeding and accelerated seed deployment. No 

E. occidentalis seedlings flowered within 9 months under natural light, which was less 

than 12 h light over autumn, winter and spring. However, extending daylength over this 

period confirmed that flowering is stimulated in some E. occidentalis plants younger 

than 9 months of age (Bolotin, 1975; Southerton, 2007). This long daylength can 

stimulate flowering in other perennials (Tromp, 1984; Kanellos and Pearson, 2000).  

Long daylength initially stimulated growth with the plants growing taller than 

those maintained under natural daylength. This growth effect diminished with time so 

that by 25 weeks heights were similar. In woody perennials, the optimum growing 

environment increases vegetative growth and seedlings can achieve maturity earlier 

(Aldwinckle, 1975; Snowball et al., 1994). Eucalyptus occidentalis may respond like 

other Eucalyptus species, in that sufficient size or maturity is required before 

inflorescences can develop in lateral meristems (Drinnan and Ladiges, 1991). Some 

families however, appeared to reach maturity earlier than others despite their size 

varying. Family 151-Red Lake Siding initially produced the tallest seedlings under long 

daylengths whilst the family 96-lake Magenta, was the shortest and both flowered after 

9 months. In both flowering families, it was noted that growth rates reduced prior to 

flowering. It is common for certain genotypes to flower sooner and be more prolific 

than others (Sedgley and Griffin, 1989; Nikkanen and Ruotsalainen, 2000) and this 

includes E. occidentalis (Bolotin, 1975; Southerton, 2007). 

Plants respond to changing dark and light environments through innate circadian 

rhythms (McClung and Kay, 1994). In Arabidopsis long daylength leads to up-

regulation of the circadian clock and light receptor mediated genes such as CONSTANS 

and  GIGANTEA and other photoperiod response genes such as the floral inducer gene 

FT and FWA (Reeves and Coupland, 2000). Long day photoperiods that promote 

flowering lead to changes in gene regulation and this probably occurs in E. occidentalis.  

One gene from Eucalyptus grandis (EgLFY) has a homologous gene sequence in the 
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Arabidopsis floral meristem identity gene, LEAFY (LFY). Expression of this gene in 

Eucalyptus floral organs has a similar developmental pattern to LFY in Arabidopsis. So 

EgLFY and LFY probably have a similar role, and the basic mechanisms of floral 

initiation and development are probably similar in Eucalyptus and Arabidopsis 

(Dornelas et al., 2004). Distinct signaling pathways, from responses to a range of 

environmental stimuli, can converge on the same set of flowering genes. Conversely the 

same stimuli can result in different activities of pathways within different genotypes of 

Arabidopsis, and presumably other species such as E. occidentalis, causing natural 

variation in flowering time (Mouradov et al., 2002). 

Once sexual maturity is achieved flowering can be induced. Paclobutrazol is 

commonly used to inhibit vegetative growth of plants such as peaches, citrus and apples 

and promote flowering (Aron et al., 1985; Marini, 1986; Mauk et al., 1990). 

Paclobutrazol inhibits the biosynthesis of active gibberellic acids (GAs) (Hedden and 

Graebe, 1985), which promote internode elongation (Grossmann, 1990) and are 

associated with flowering. Gibberellin signaling acts via LFY to promote flowering in 

Arabidopsis (Mouradov et al., 2002) but inhibits flowering in most woody perennials.  

In Eucalyptus nitens, high concentrations of GA1 are associated with reduced flowering 

(Hasan, 1993). In citrus, once maturity is reached, paclobutrazol shortens internode 

length and stimulates flowering (Snowball et al., 1994). Similarly in E. occidentalis, 

when paclobutrazol was applied a month after the commencement of long daylength 

extension, it reduced elongation and promoted flowering. The combined treatment 

doubled the number of young plants to initiate flowers and more than tripled the number 

of flower buds compared to long daylengths alone.  

In more mature plants, long daylength treatment and paclobutrazol doubled 

flowering compared to long daylength treatment alone. Paclobutrazol may be more 

effective in mature plants because these plants already have lower levels of gibberelin 

than juvenile plants (Guardiola et al., 1982; Goldschmidth et al., 1985; Snowball et al., 

1994). Alternatively, metabolic resources may be the limiting factor. In mature plants, 

there was no reduction in height, but growth of shoots, leaves, roots and cambial 

activity are depressed during the reproductive stage in Eucalyptus (Sedgley and Griffin, 

1989). Flowering in E. occidentalis occurred to some extent in all families, with or 

without paclobutrazol, but perhaps these larger, more mature plants were better able to 

respond to paclobutrazol in re-directing assimilates to reproduction (Harty and van 

Staden, 1988).    
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Flowering synchrony is important for cross pollination, either for breeding 

purposes or commercial seed production. Peak flowering in E. occidentalis occurred at 

the end of March when half of the flowers were open but across the population 

flowering extended till the end of May. Distinct changes in temperature and photoperiod 

can influence flowering. Acacia mangium and A. auriculiformis have one flowering 

peak when grown in northern Queensland but several peaks when grown in the uniform 

climate of Malaysia (Sedgley et al., 1991). Eucalyptus occidentalis has a longer 

duration of peak flowering from April to May in its natural distribution (Marcar et al., 

1995). However it is not clear if this observation is derived from a few or many natural 

populations. Other Eucalyptus species with a similar natural distribution in south west 

Western Australia vary in their flowering time, for example  E. sargentii mostly flowers 

from September to December and E. spathulata from October to December (Marcar et 

al., 1995). Other Eucalyptus and Corymbia species from this same region flower over a 

similar period to E. occidentalis, such as E. wandoo (April – May), E. diversicolour 

(April) and C. calophylla (Feb-March) (Manning and Harvey, 2002).  

In orchards, monitoring of flowering abundance provides a picture of the future 

seed crop and genetic gain from the contribution of each selection (Nikkanen and 

Ruotsalainen, 2000). Flowering performance can change with the year and site but the 

pattern of flowering between the provenances and families will be similar (Skroppa and 

Tutturen, 1985; Sedgley and Griffin, 1989). Flowering of E. occidentalis was not 

synchronous across provenances. Some provenances, such as Katanning, Truslove, 

Gordon River and Beaufort, had a similar mid-February flowering peak whilst others, 

such as Young River and Grass Patch, peaked April-May. These flowering peaks were 

not related to local provenance environmental conditions. Importantly there was some 

overlap between most provenances indicating potential for intercrossing.  

Increasing outcrossing rates and limiting selfing reduces the risk of inbreeding 

depression (Sedgley and Griffin, 1989). Outcrossing rates vary between populations and 

even between individual plants (Moran et al., 1989; Potts and Whiltshire, 1997) both in 

native stands and in orchards. In natural populations, a reduction in flowering 

abundance generally decreases outcrossing rates due to reduced pollinator activity 

(Hardner et al., 1996; Fuchs et al., 2003). However flower abundance, whilst enticing 

pollinators to increase outcrossing, can increase the chance of self-pollination within a 

tree due to movement of the pollinator (Carpentier, 2001; Galloway et al., 2002). In 

orchards, there is no consistent association between Eucalyptus flowering abundance 

and outcrossing rate (Patterson et al., 2004). Outcrossing rates in E. globulus vary from 
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0.48-1 in native stands to 0.4-0.85 in open-pollinated clonal orchards (Hardner et al., 

1996) and 0.77-0.92 in open-pollinated seedling orchards (Moncur et al., 1995). 

Similarly in E. occidentalis Seed Production Areas the outcrossing range is between 

0.72 and 1 (Byrne, 2004). Abundance and time of flowering are therefore not the only 

factors affecting production of outcrossed seed.  Other factors including tree density, 

canopy size (Franceschinelli and Bawa, 2000) genetic and environmental factors 

(Patterson et al., 2004) and pollinators (Hingston and Potts, 1998; Patterson et al., 2004) 

could also have an impact.   

Salt-screened plants that had been in non-saline conditions for 10 months, bore 

more flowers than those in non-saline conditions. Stress often increases flowering and it 

is often used as a method to stimulate flowering. Water-stress, girdling and root pruning 

on citrus (Monselise, 1978; Southwick and Davenport, 1986) and deficit irrigation in 

peaches and pears have all been used to increase reproductive effort (Mitchell and 

Chalmers, 1982; Mitchell et al., 1989). Salt acts like water stress (Munns, 2002) and 

may have a similar effect. Under unfavourable conditions, including salinity, plants 

frequently increase flowering presumably to ensure regeneration of the population 

(Romero and Maranon, 1994) and this may also occur in E. occidentalis. 

Grafting is a common vegetative propagation technique used to establish clonal 

seed orchards as the technique allows for a clonal copy of the selection and maintains 

some maturity for accelerated flowering. Four months after the grafting process, about 

half of the E. occidentalis grafts produced new shoots with success ranging from 0 - 

100% with different scion-rootstock genetic combinations. This study confirmed that E. 

occidentalis, like other Eucalyptus, is relatively easy to graft (Hartney, 1980; Eldridge 

et al., 1993; Osamu et al., 2003; Harwood et al., 2005) and that grafting can be used to 

establish clonal orchards.  

After a year some scions had overgrown at the graft union with the rootstock. 

Scion overgrowth may indicate an incompatible union but it is not a reliable symptom 

(Hartmann et al., 1990). Incompatibility is confirmed when the graft union breaks 

leaving smooth and clean surfaces on scion and rootstock ends. This may take many 

years and future observation of mature grafted trees is required to ensure compatibility. 

There is little information on the ideal size for Eucalyptus scions. This study 

showed that shorter (2.5-4 cm) E. occidentalis scions tended to produce larger new 

shoots than longer (4-8 cm) scions, which are shorter than recommendations (5-10 cm) 

by Alexander and Lewis (1998). Thicker scions produced larger new shoots presumably 

due to stored reserves in the stem. Scions and rootstocks of 4-6 mm diameter were 
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easier to handle and prepare but in 1 year-old rootstocks this diameter was 15-20 cm 

above the soil surface and these grafts may require additional support. Scions without 

leaves produced larger shoots than those with leaves attached and these leafless scions 

might have swelling buds.  Developing buds produce growth substances that aid graft 

union formation and new shoot growth (Hartney, 1980).  Leaf removal 1-4 weeks in 

advance can stimulate buds to swell and this technique has been used to increase graft 

success in mango and cashew (Alexander and Lewis, 1998) and may increase success in 

E. occidentalis. 

 Genotype influenced graft survival and some scion/rootstock provenance 

combinations were more successful than others. Rootstock source did not affect graft 

short-term survival in E. occidentalis  This conflicted with research that shows that 

rootstock genotypes are usually important (Hartmann et al., 1990) but this may be better 

assessed in the field by examining the long term influence on tree characters such as 

size, vigour, precocity, yield and disease resistance (Sotiropoulos, 2006; Costes and 

Garcia-Villanuvea, 2007). In contrast, scion source influenced survival and shoot 

growth over the short term and this needs to be carefully considered when designing a 

grafting program  

Clonal propagation was possible using the rooting of E. occidentalis coppice 

cuttings. Success of rooting of E. occidentalis ranged from 9-30% and shoot production 

from 19-61%. This confirmed an earlier report of 31% rooting and 65% producing 

shoots (Brammall and Harwood, 2001). Harwood et al. (2001) considered these rooting 

percentages promising for developing clonal forestry, especially using the mini-cutting 

system (CSIRO unpublished). This system uses smaller, less lignified cuttings 

combined with careful nutritional management of mother plants (Bush et al., 2007). 

Rooting in E. occidentalis cuttings was higher than other species selected for low 

rainfall areas. For example, E. cladocalyx, E. tricarpa and E. sideroxylon had between 

5-18% rooting (Brammall and Harwood, 2001), E. deglupta 13% rooting (Hartney, 

1980), whilst E cloeziana and E. nitens could not produce rooted cuttings even from 

seedlings (Hartney, 1980; Tibbits et al., 1990). E. occidentalis cutting percentages were 

lower than the easily rooting E. grandis and E. camaldulensis (>75%).   

Shoots must be available for cutting propagation. Mother plants from 

provenances and families differed in their ability to produce shoots. Genetic differences 

in shoot growth and bud break are common in tree species (Cannell et al., 1976; 

Thielges and Beck, 1976). Pruning of young E. occidentalis seedlings (diameter 1-2 cm) 

produced many juvenile shoots from the main stems and the base of primary branches. 
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Shoots from latent buds with juvenile characteristics are common in Eucalyptus (Fazio, 

1964; Davidson, 1978; FAO, 1981) and they have high rooting potential (Hackett, 

1985).  Shoot production may increase with age in E. occidentalis, as in multiplication 

banks of other Eucalyptus which peak at 3-5 years with the production of 60-100 

cuttings/tree/year (Hartney,1980; FAO, 1981).  

In E. occidentalis, family 153-Red Lake Siding, consistently produced the tallest 

plants irrespective of the propagation method or treatment.  This confirmed the genetic 

inheritance of this trait as indicated by salt-screening trials (Chapter 4) and supported 

the common observation that families and provenances retain this trait under both fresh 

and saline conditions (Hu et al., 1977; Marcar and Crawford, 2004). Ability to maintain 

growth is dependent on photosynthesis, which requires functioning leaves and roots but 

waterlogging generally causes a decrease in root growth followed by a decrease in shoot 

growth (Barrett-Lennard et al., 1988). Salt waterlogging reduced the ability of plants to 

maintain leaf number and this did not vary with genotype. Plants usually maintain a 

root-shoot ratio characteristic (Klepper, 1991) and this was certainly the case in E. 

occidentalis. Ratio values were lower under waterlogged conditions and a reduction in 

shoot growth was also apparent under waterlogging in natural habitats (Brooker and 

Kleinig, 1990). Reduced shoot growth, compared with root growth also occurred under 

salt waterlogging in 151-Red Lake Siding seedlings. This decline often occurs under 

stress, including saline and dry conditions (Munns and Sharp, 1993; Hsiao and Xu, 

2000; Munn, 2002).  

The environment for testing or deployment needs to be considered especially 

when clonal material is being used. Clones of E. camaldulensis from Western Australia, 

when planted in Victoria, develop rapid dieback whereas selections from other 

provenances do not, indicating they are not suitable for this environment (Moris, 1995). 

In addition to climate and soil, conditions with regard to salinity and waterlogging need 

to be considered when selecting an appropriate propagation method. In E. occidentalis, 

153-Red Lake Siding seedlings were consistently taller than cuttings under drained, 

waterlogged and 500 mM salt waterlogged conditions, whereas propagation method had 

little impact on height in 96-Lake Magenta and these differences were probably related 

to their roots. Roots in seedlings and cuttings are different anatomically and 

morphologically and these differences are not well understood (Sasse and Sands, 1995, 

1996). In fullsib E. globulus inherent differences in the root system originate from 

propagation method (Sasse and Sands, 1997) and seedlings have more primary roots 

which increase with time.  Whereas with cuttings, the number of adventitious roots 
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serving as primary roots does not change. Total root length in cuttings relies on the 

number of original adventitious roots that are formed and the rate of elongation, while 

in seedlings, total length is higher due to continuing growth of tap roots, additional 

primary roots and also more and longer secondary and higher order roots (Sasse and 

Sands, 1995). This was observed in 151-Red Lake Siding where seedlings always had 

longer total root length than cuttings. 

Root development in E. occidentalis was influenced by the root environment. In 

all substrates and treatments, roots grew.  In salt tolerant 151-Red Lake Siding, as in 

slightly salt tolerant E. globulus (Marcar, 1993), waterlogging reduced root length and 

salt waterlogging reduced it further. Waterlogging causes hypoxia and reduces oxygen-

requiring adenosine triphosphate production by up to 95%.  This reduces root 

elongation and increases root senescence particularly of tap roots (Barrett-Lennard, 

2003) and probably caused the reduction in root length in 151-Red Lake Siding 

seedlings.  This reduction in root length contrasts with many other salt tolerant trees, 

such as moderately tolerant E. camaldulensis and extremely tolerant Casuarina obesa 

(Crawford and Marcar, 2004) which produce more roots under salt-waterlogging than 

control, waterlogging or dry salt (Van der Moezel et al., 1988), or highly salt tolerant E. 

kodinensis and E. spathulata which have best rooting under dry salt. Total root length 

can continue to increase with the development of adventitious roots which are often 

formed in response to waterlogging (Colmer, 2003).  This occurred in E. occidentalis 

cuttings, which have adventitious roots. In Gmelina arborea, seedlings are more tolerant 

of flooding than cuttings due in part to their ability to produce more adventitious roots 

(Osonubi and Osuninda, 1987). Young plants do not have an extensive root system and 

the formation of new adventitious roots takes time and energy and this may have 

constrained root development in the rapidly growing 151-Red Lake Siding seedlings.  

Rooting varied with genotype as well as propagation method as seen in other 

Eucalyptus (Eldridge et al., 1993). In E. camaldulensis clones and seedlings, genetic 

control in genotypes is more important than micropropagation methods (Bell et al., 

1994). In E. occidentalis both were important, as 151-Red Lake Siding seedlings always 

produced more roots than 96-Lake Magenta seedlings, but seedlings of 151-Red Lake 

Siding always produced more roots than cuttings. In 96-Lake Magenta, as in E. globulus 

(Sasse and Sands, 1996) propagation method was not important and did not influence 

root length under the various treatments. So, in E. occidentalis both genetic control and 

propagation method influenced root development and function. Differences between 

cuttings and seedlings may be important for growth of young plants and plant 
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establishment in the field but these differences may disappear as trees mature.  This 

should be investigated further, as clonal tree performance can exceed seedlings in the 

field due to better capture of genetic gain (Bell et al., 1993; Morris, 1995).  

Genetic gain in salinity and waterlogging tolerance imparts better shoot growth, 

essential for timber production.  In E. occidentalis under salt-waterlogging stress, plants 

grown from either seedlings or cuttings of the salt tolerant family, 151 Red Lake Siding, 

were taller than the low tolerant family 96-Lake Magenta. Salt tolerance originates in 

the roots, their ability to exclude Na+ and Cl- ions and limit transport of these ions to the 

shoot and the ability of shoot tissues to remove, sequester or tolerate high Na+ and Cl- 

ion concentrations (Munns et al., 1995; Munns, 2002). 

In salt-resistant species where salt exclusion is an important mechanism, 

differences in specific ion contents of leaves will distinguish between salt sensitive and 

tolerant genotypes (Blum, 1988; Munns, 2002). Roots can exclude up to 98% of 

external NaCl (Munns et al., 2002) and as such could be a critical trait. In E. 

occidentalis there was a tendency for higher Na+ and Cl- concentrations in seedling 

leaves of the less tolerant 96-Lake Magenta compared with highly tolerant 153-Red 

Lake Siding, but differences were small and not significant and no trend was observed 

in cuttings. After 12 weeks salt-waterlogging treatment up to 500 mM, E. occidentalis 

leaves had 1.4 -1.8 mmol g-1 dry weight Na+ and 1.7 - 2.6 mmol g-1 dry weight Cl-. 

These concentrations were similar to E. camaldulensis with 1.98 mmol g-1  dry weight 

Na+ and 1.66 mmol g-1  dry weight Cl-, and other Eucalyptus species including E. 

comitae-vallis and E. lesouefi, but more than E. kondinensis, E. platycorys and E. 

spathulata (Van der Moezel et al., 1988; Marcar, 1993; Barret-Lennard 2003). Highly 

salt-tolerant Casuarina glauca  and extremely salt-tolerant C. obesa,  exposed for the 

same duration and similar salt (5600 mSm-1 ≈470 mM) and waterlogging, have 

substantially less Na+ and Cl- (Marcar and Crawford, 2004; Van der Moezel et al., 

1988), but values for each species are similar. E. badjensis and E smithii, which have 

limited survival under 300 mM salt have more Na+ and Cl- compared to E. occidentalis 

and E. camadulensis (Marcar, 1989). These values in E. occidentalis are similar in 

moderately tolerant E. camadulensis and slightly tolerant E. viminalis (Marcar, 1989). 

This indicates that Na+ and Cl- leaf content might be difficult to use to distinguish 

between salt tolerant genotypes within certain species, as occurred in E. occidentalis 

where high and low salt-tolerant families did not differ.  

An increase in Na+ and Cl- ion concentrations in shoots is due to increased 

transport from roots to shoots, and a concentration effect due to a decrease in shoot 
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growth (Barrett-Lennard, 2003). Even under waterlogging, roots retain most of their 

ability to regulate ion content and transport but have reduced ability to exclude ions 

from the xylem. Ions entering the root must cross a membrane barrier to enter the xylem 

and regulation across plasma membranes usually requires the maintenance of H+ 

gradients. These in turn require energy derived from ATP which is retarded under 

hypoxic conditions such as waterlogging. 

Eucalyptus occidentalis trees tolerate salt and waterlogging using a range of 

strategies.  Many plants form root aerenchyma and this would provide a source of 

oxygen for ATP production.  This would provide a metabolically cheaper source of 

energy than alternate anaerobic pathways, to assist in the maintenance of regulation of 

ion uptake and transport. Alternatively ion flow into the xylem, which is linked to 

transpirational loss may be improved through stomatal closure. Salt transported to 

shoots can be sequestered into cells of stems or petioles or removed through leaf 

abscission but these have significant limitations for growth (Barrett-Lennard, 2003). 

Some of these strategies may occur in E. occidentalis, and they are useful where either 

waterlogging is intermittent or salt is diluted.  

In conclusion,   sexual reproduction was possible in E. occidentalis at a young age 

as flowering could be induced and enhanced with extended daylength and paclobtrazol. 

There was variation in flowering between provenances, both in the age to flower and 

seasonally, and arrangement of improved genotypes in orchards should consider 

flowering synchrony to increase the chance of cross-pollination and so increase seed 

production and quality.  Clonal propagation through cuttings and grafting can further 

increase provision of materials for orchards or mass propagation from selected and 

tested mature trees. Seedlings will probably remain the preferred method of mass 

deployment due to their better root development under salt waterlogging conditions, 

until clonal propagation methods are improved. These advances provide promising 

breakthroughs for deployment of improved E. occidentalis.  
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Chapter 6   

Effect of genetic relatedness on gain in salt tolerance in crosses of 

Eucalyptus occidentalis  

 
Abstract 

Genetic diversity of a Eucalyptus occidentalis breeding population which had 
been screened for salt and waterlogging tolerance, was examined using 8 microsatellite 
loci.  Mating using immature style ‘one stop pollination’ method between parents was 
carried out in order to produce progeny for further testing under 500mM salt 
waterlogging.  The effect of parental genetic distance on seed production and early 
seedling survival was examined.  Genetic inheritance of salt/or waterlogging tolerance 
was assessed by testing the performance of progeny in comparison to parents.  

Diversity was evident among the nine provenances using the eight selected 
microsatellite loci.  All loci were polymorphic. Observed heterozygosity (Ho) and 
expected Hardy-Weinberg panmictic heterozygosity (He) were high and were generally 
similar in all provenances and were moderate to high within families, with values 
between 0.563-0.695 and 0.395-0.7680 respectively. The majority of diversity was 
distributed within rather than between families.  

Analysis of the relationships between families showed little clustering according 
to provenance.  There was a significant correlation between capsule production and 
parental genetic distance and a positive trend between parental genetic distance and 
number of germinated seeds/capsule.  Seedling survival at 2 weeks and 9 months was 
also correlated to genetic distance.   

Heritability values, under 500 mM salt-waterlogging treatment, indicated that 
height was moderate heritable (h2 = 0.5 ± 3.4). Progeny from parents of medium genetic 
distance were shorter than those from parents with large genetic distances.  
 

Keywords: Eucalyptus occidentalis, salt tolerance, genetic diversity 
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6. 1  Introduction 

 
Genetic diversity in a base population is of major concern to tree improvement 

programs. This is because intensive selection of the best genotypes for tolerance, growth 

or other characters may erode genetic variation in the breeding population (Eldridge et 

al., 1993). Limited diversity increases the likelihood of producing closely related or 

inbred progeny with reduced fitness (Jones et al., 2005).   

Generally, there is an optimum genetic distance for mating at which high genetic 

gain is obtained. Breeding between closely related plants commonly results in 

expression of inbreeding depression through deleterious recessive gene combinations in 

the homozygous state, leading to reduced fitness (Balint, 1976). Conversely, breeding 

between widely differentiated individuals can lead to outbreeding depression due to 

disruption of local adaptation, under-dominance or epistatic interactions, as well as 

breakdown of co-adapted gene complexes (Edmands, 2007). Inbreeding depression is 

commonly expressed in forest trees as they tend to have highly outcrossed mating 

systems. In Eucalypts, this outcrossed mating system masks the effects of post zygotic 

lethal systems that eliminate the effects of selfing in natural populations. Inbreeding 

depression has been shown to have significant effects on seed production and on 

progeny growth performance in Eucalyptus (Griffin and Cotteril, 1988; Hardner and 

Tibbits, 1998)  Therefore, breeding is best carried out between genetically diverse 

parents. 

Eucalyptus occidentalis Endl. (flat-topped yate), is a tall timber species reaching 

10-20 m in height with diameter at breast height up to 0.5 m (FAO, 1981; Marcar et al., 

1995). The timber is suitable for building poles, pilings, posts, heavy construction and 

for pulp (Clark et al., 1999; Harwood, 2001; Marcar and Crawford, 2004). It has a 

narrow natural distribution in south Western Australia (WA) between Wagin and 

Israelite Bay at an elevation of 50–300 m but there is high habitat variation from 

riparian areas, including swamps and salt lakes as well as xeric landscapes 

(Chippendale, 1973; Itai, 1978; Zohar and Moreshet, 1987; Searson et al., 2004). As it 

grows in regions with low rainfall, it was selected as one of six species for tree 

improvement by the Australian Low Rainfall Tree Improvement Group (Hardwood et 

al., 2001). This species has moderate to high tolerance to salt and waterlogging (Pepper 

and Craig, 1986; Marcar et al., 1995, 2003; Benyon et al., 1999). This has raised 

interest in planting it for rehabilitation and reclamation of saline areas especially for 

agricultural land suffering from waterlogging and increasing salinity. Thus, genetic 
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improvement of salt tolerance in E. occidentalis would facilitate its deployment as a 

suitable plant for management of saline agricultural land in southern Australia.  

Previous screening of an E. occidentalis breeding population resulted in the 

selection of 30 families from nine provenances that represented the range of salt and/or 

waterlogging tolerance (up to 300 mM NaCl) in the original 25 provenances (Chapter 

3). A second salt and/or waterlogging screening, was undertaken to further examine the 

nine selected provenances at much higher salt concentrations (up to 550 mM NaCl) 

(Chapter 3) and at family level within provenances (Chapter 4). This resulted in 

different response for growth and survival. Breeding among these families will be 

facilitated by knowledge of genetic diversity within provenances and families, to avoid 

the possibility of inbreeding depression in future improvement programs. Analysis of 

genetic diversity in natural populations of Eucalyptus occidentalis using RFLP markers 

indicated a moderate level of genetic diversity with no evidence of inbreeding and little 

differentiation among populations (Elliot and Byrne, 2003).  

Microsatellite markers have been widely used to assess genetic diversity in 

Eucalyptus after their development and characterization from several Eucalyptus 

species including E. nitens (Byrne et al., 1996), E. grandis and E. urophylla (Brondani 

et al., 1998), E. sieberi (Glaubitz et al., 2001) and E. globulus (Steane et al., 2001). 

Markers for this technique are abundant, transferable within species, co-dominant, 

suitable for automation, and require little DNA for PCR amplification. In a comparison 

between microsatellite and RFLP analyses from the same 20 individuals in E. nitens, 

four microsatellite loci detected more alleles and diversity than 40 RFLP loci (Byrne et 

al., 1996). Eucalyptus species assessed using microsatellites generally show high 

genetic diversity values (HT,) such as in E. globulus (0.82) (Jones et al., 2006), in E. 

dunii (0.78) (Marcucci Poltri et al., 2003), E. grandis (0.83) (Brondani et al., 1998) and 

E. urophylla(0.86) (Brondani et al., 1998).  Thus, microsatellite markers already 

established to assess outcrossing rates in E. occidentalis (Byrne, 2004), would be useful 

for assessing genetic diversity between parents in a breeding and selected population.  

Genetic improvement is sought once the best individuals of a population are 

identified. This is done through mating of superior plants. Generally in Eucalyptus 

breeding there is little or no artificial mating as it is very costly. However, controlled 

pollination between superior individuals is an effective way to combine the best alleles 

in future generations and maximise genetic gain through breeding (Moncur, 1995; 

Harbard et al. 1999). In this study, genetic distance between potential E. occidentalis 
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parents was examined using microsatellites. Parents were used to perform crosses 

between trees assessed for salt tolerance (high x high, high x low and low x low) while 

parents were assessed for genetic distance when progeny were available. 

Controlled crosses using immature styles and one-stop pollination has proven 

effective in E. globulus (Harbard et al., 1999; Trindade et al., 2001). This method 

produces a higher number of seeds/capsule compared to hand pollination at receptivity, 

as pollen tubes reach the ovule earlier due to the cut style and a larger number of pollen 

tubes enter the ovary by skipping the barrier of inter-specific self-incompatibility 

mechanisms of pollen selection operating in mature pistils (Potts and Cauvin, 1988; 

Cauvin, 1988; Herrero and Hormanza, 1996; Trindade et al., 2001). It also saves time 

and money, as only one visit is required instead of three with conventional hand 

pollination (Harbard et al., 1999).  Tube insertion also means that all individual flowers 

can be used, as flower thinning is not required (Barbour, 1997; Williams et al., 1999; 

Harbard et al., 1999). This method has not been used for E. occidentalis, but is expected 

to be suitable and maximize use of the limited number of flowers and parents to produce 

as many progeny seeds as possible.  

In forestry, selection of individuals is based on their own performance and 

information from relatives. Data from relatives is useful to predict the breeding values 

of individuals, or their ability to transfer particular traits to progeny. Selection to assess 

breeding values is only effective when heritability, or genetic control, is high (Van 

Buijtenen, 1992). The higher the heritability value, the more accurately it will reflect the 

true breeding values, and consequently result in more effective selection (Falconer, 

1989). When heritability is low, phenotypic evaluation will not be a good indication of 

breeding value. Heritability is obtained from parent-offspring regression for specific 

traits. This value is taken as the coefficient of correlation of the equation when parents 

and progeny are tested at different times even when similar treatments are applied due 

to the possibility of different macro environments (Bos and Caligari, 1995).  More 

progeny will increase the accuracy of this assessment if the heritability is low. 

The objective of this study was to assess genetic diversity among 30 families 

selected from nine provenances in E. occidentalis and to examine the heritability and 

effect of genetic distance between parental individuals on the performance of progeny 

under salt/ waterlogged conditions.  Controlled crosses with the immature style ‘one 

stop pollination’ method was used to produce progeny from selected E. occidentalis 

parents for a combination of performance under salt conditions. The effect of parental 
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genetic distance on seed production and early seedling survival was examined.  The 

inheritance of salt/or waterlogging tolerance was assessed for progeny and parents.  

6.2  Materials and methods 

6.2.1     Genetic diversity  

 
Plant materials 
 

In total, 310 individuals from 30 families from nine representitave E. occidentalis 

provenances (Beaufort River, Gordon River, Katanning, Stirling Range, Lake Magenta 

Road, Young River, Truslove , Grass Patch, and Red Lake Siding) were used for this 

experiment (Figure 1).  These individuals were survivors from control, salt and/or 

waterlogged screening trials (Chapter 4) and were used as parents in controlled crosses 

to produce progeny.  Lower dark green leaves were taken from 22 month-old potted 

seedlings of all individual plants for DNA extraction.   

 
Genetic analysis  
 

Genomic DNA was extracted following a CTAB protocol for large scale DNA 

extraction (Byrne et al., 1998).  DNA concentration was assessed using a low range 

assay solution (10-500 ng/µL) in a Fluorometer DyNA Quantum 200 (Pharmacia 

Biotech, Hoefer, San Fransisco, California) and samples were diluted to 20 ng/µL. 

Nuclear microsatellite loci originally developed for E. grandis, E. urophylla, E. 

globules, E. nitens and E. sieberi (Embra 02, 03, 04, 05, 06, 07, 08, 09, 10, 11, 12, 13, 

14, 15, 16, 17, 18, and 19, EMCRC 1a, 6, 12, En 6, 10 and 16 and Es 157, 211 and 255) 

were tested for amplification and polymorphism (Byrne et al. 1996, Brondanni et al., 

1998; Glaubitz et al., 2001, Steane et al., 2001). DNA template (30 ng) was amplified 

through PCR in a final volume of 15 µL, containing 5.45 µL dH20, 3 µL 5x PCR 

buffer, 2.25 µL of each forward and reverse primer, 1.5 mM MgCl2 and Taq DNA 

polymerase (Life Technologies Invitrogen). Polymerase chain reaction (PCR) was 

performed in a Bio-Rad thermocycler (London, UK) with a denaturing step at 96° C for 

2 min followed by 30 cycles of 95° C, 56° C, 72° C at 30 seconds each, and one final 

extension cycle of 72° C for 5 min. PCR products from initial primer screening were 

visualized by electrophoresis through polyacrylamide gels and stained using ethidium 

bromide. The stringency of the reactions was adjusted by reducing or increasing the salt 

concentration and temperature. Eight primers revealed interpretable polymorphisms and 

were selected for further analysis of E. occidentalis (Embra 03, 05, 08, 11, 17, En 6, 
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EMCRC 06, 12). PCR products for genotyping arrays with selected loci were visualized 

by fluorescence in a capillary sequencer. The number of alleles, and observed and 

expected heterozygosity (Ho and He) were calculated for each population (provenances) 

using Powermarker (Liu and Muse, 2005). Genetic distance between individuals was 

determined according to Goldstein et al. (1995) and used to construct a UPGMA tree.   

 

 

 

 
 
Figure. 1 Natural distribution and nine sampled provenances  of Eucalyptus occidentalis  
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6.2.2.   Controlled crosses  

 
A controlled crossing trial was conducted using families which survived a 

previous salt and or waterlogged screening test.  After salt reached 550 mM and was 

held for 2 weeks, the concentration was reduced to 0 mM over 4 weeks (Chapter 4). 

Seedlings from screening treatments were transplanted into 15 cm diameter and 15 cm 

height pots filled with potting mix (Premium P/CM, Baileys Fertilizers, Perth). 

Complete element NPK Blue fertilizer 0.5 gram/pot (N=12%, P=5.2%, K=14.1%, 

S=7%, Ca=3.5%, Mg=1.2%, Fe=0.1%, Zn=0.01% and Bo=0.02%, Baileys, WA) was 

added at 3 months to stimulate plant growth. Plants were arranged under a 16-h light / 

8-h dark regime. Families of seedlings were classified by high, medium or low salt-

tolerance based on the combined trait values from each family (survival) and individuals 

(height, relative growth and leaf number) in the second salt screening. These values 

were combined with each trait and were ranked according to each trait range. A total of 

11% of plants initiated flowers 10 months after screening in the following flowering 

season (November 2005-May 2006) when they were 23 months old.  

Crossing method 

Crosses (102) consisting of 45 combinations were carried out during the period 

between 17 February and 17 May 2006. Controlled cross combinations were: high x 

high, high x low and low x low salt tolerance, with at least 3 individual flowers per 

plant per cross (Table 1).  Pollen was collected from flower buds (male parents) with 

yellowish and/or lifted, but attached operculum to ensure pollen was not contaminated. 

Anthers were trimmed, dried using silica gel and stored in sealed Petri dishes at -20°C  

for up to 15 days.  Pollen was used when female parent flowers were receptive. Pollen 

was thawed for 1 h before pollination. Flowers with a yellowish coloured operculum 

were chosen as female parents. Before pollinating, surrounding leaves were trimmed to 

secure the flowers. Pollination followed the ‘one-stop pollination technique’ (Harbard et 

al., 1999). In one visit, flowers were emasculated, style tips were cut (Williams et al., 

1999), hand pollinated with a sterilized (90% alcohol) scalpel blade and tubes (diameter 

18µm) were inserted over pistils to avoid pollen contamination.  Flower/fruit production 

was recorded during the experiment. After harvesting (October-December 2006), 

capsules were air dried, seeds extracted and plump seeds were counted. Fruit 

production, seed production and seedling survival were calculated for each cross and 

correlation with parental genetic distance was determined. Seeds were germinated 

(January 2007) and prepared for further progeny testing. 
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6.2.3  Progeny test 

Progeny from controlled crosses were grown to 9.5 months before being exposed 

to salt waterlogged conditions (Table 2.). Progeny from three crosses were included as 

controls. Seedlings (9.5-month old) of five families used in the first salt screening were 

included as check-families to compare both testing environments and to adjust the 

progeny performance. These families were exposed to control and salt-waterlogging in 

the first screening experiment when 8.5 months old. The seedling age of the check-

families in the parent and progeny experiment were not identical, so data for the 

progeny were adjusted using the correlation in heights. Control (drained) and salt-

waterlogged treatments were set up in tanks as described for the screening test in 

Chapter 4. The highest salt concentration that was carried out at 500 mM rather than 

550 mM as progeny survival was low at such a high salt concentration. 

A total of 215 nine-month-old seedlings from five control families and from 

progeny of eight crosses were randomly placed in two tank treatments with 3-5 

replicates per tank.  Plant survival was recorded every week.  Heights were measured in 

the second week (before salt was applied) at 5 weeks (250 mM salt) and at 11 weeks 

(500 mM salt). Relative growths were calculated between 1 week and 11 weeks 

[{(height 11 weeks-initial height/initial height)*100%} + 100%].  All leaves were 

marked and counted to differentiate new from old leaves.  These valid, non-destructive 

assessments of the first and second screening trials preserved materials for further 

comparison.  

Height data from the 5 check-families used in the first salt screening and progeny 

testing were correlated to assess similarity of environments.  These were analyzed using 

a two way-ANOVA. Data for progeny were adjusted using check-families. Data from 

mid-parent performance under the first screening experiment were correlated with 

progeny performance under the progeny test. Heritability was assessed using parent-

offspring regression of standard unit due to the potentially different testing environment 

(Bos and Caligari, 1995). Analysis of survival could not be carried out because of the 

limited material. A t-test was used to compare progeny heights of different crosses with 

parental genetic distance.  
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Table.1. Combinations for Eucalyptus occidentalis crosses  

No Combination Number of parents Number of 
combinations 

  Female Male  
1 High x high 3 5 15 
2 High x low 3 3 9 
3 Low x high 4 3 12 
4 Low x low 3 3 9 

 Total 13 14 45 

 

 
 
Table 2. Five check-families, eight Eucalyptus occidentalis cross combinations (A-H) 

and salt-tolerance levels of male and female parents, used for progeny testing 
under controlled and salt-waterlogged (500 mM salt) conditions 

 

Treatment 
Family or cross 

combination Family of female parent 
Family of male 

Parent 

Salt 
tolerance 
of female 

Salt 
tolerance 
of male 

No. of 
seedlings or 

progeny 

C 87-Beaufort - -   14 

C 136-Grass P - -   7 

C 149-Red Lake  - -   15 

C 151-Red Lake  - -   15 

C 153-Red Lake  - -   13 

C A 36-Katanning 124-Red Lake  Low High 10 

C B 96-L Magenta 20-Young  Low High 10 

C C 110-Young  108-Young  High High 3 

       

SW 87-Beaufort - -   14 

SW 136-Grass P - -   7 

SW 149-Red Lake  - -   15 

SW 151-Red Lake  - -   15 

SW 153-Red Lake  - -   13 

SW A 36-Katanning 124-Red Lake  Low High 20 

SW B 96-L Magenta 20-Young  Low High 20 

SW C 110-Young  108-Young  High High 4 

SW D 20-Young  30-Katanning High Low 3 

SW E 20-Young  96-L Magenta High Low 4 

SW F 110-Young  150-Red Lake  High Low 3 

SW G 96-L Magenta 76-Truslove Low High 5 

SW H 76-Truslove 124-Red Lake  High High 5 
C = control, SW = salt waterlogging 

 

 

 

 

 

 

 

 179



Chapter 6 
_____________________________________________________________________________________ 
6.3  Results 

6.3.1   Genetic diversity 

 
Provenance level 

Substantial genetic diversity was evident among the nine provenances, including 

the parent trees, using the eight selected microsatellite loci. The number of alleles per 

locus ranged from 17 (En6) to 55 (EMCRC6). The maximum number of alleles in one 

population was 26. Across provenances, distribution of rare alleles (frequency <0.1) 

was 72 %, while common alleles (frequency >0.5) was 28 %. Most provenances 

including Beaufort, Grass Patch, Katanning, Red Lake Siding and Young River, had 

three times more rare alleles than common alleles. Average of unique alleles across 

provenances was 8%. Unique alleles commonly had a frequency of less than 0.1, and 

only 3.8% of unique alleles were greater than 0.1.  

All loci were polymorphic (Table 3). The mean number of alleles per locus was 

high but varied among provenances relative to sample size. The number of families per 

provenance was not similar, as these ranged from one to eight. Observed heterozygosity 

(Ho) and expected Hardy-Weinberg panmictic heterozygosity (He) were high and were 

generally similar in all provenances. Highest allelic diversity occurred in the northern 

range of the natural distribution from provenances at Katanning, Red Lake Siding and 

Beaufort River. The inbreeding coefficient (FIS) was high (0.431) as expected, due to 

the assessment of families rather than unrelated individuals.  

Variances estimated using AMOVA revealed that the majority of genetic diversity 

was distributed within provenances (95%) (Table 4). Five provenances, Red Lake 

Siding, Beaufort River, Young River, Katanning and Grass Patch, accounted for most of 

this diversity. Eastern provenances Red Lake Siding and Grass Patch shared in 37% of 

this diversity  
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Table 3.  Genetic diversity parameters of Eucalyptus occidentalis families from nine 
provenances Na, average number of alleles per locus. P, proportion of 
polymorphic loci. Ho, observed heterozygosity. He, expected heterozygosity. 
FIS, fixation index. s.e. = standard error  

 

Provenances 

 
n 

No. family/ 
provenance 

Na (s.e.) 
P 

(%) Ho (s.e.) He (s.e.) Fis (s.e.) 

Beaufort 
 

47 
 

5 16.5  (0.334) 100 0.526 (0.009) 0.838 (0.003) 0.398 (0.009) 

Gordon 
 

9 
 

1 7.0  (0.248) 100 0.474 (0.033) 0.717 (0.008) 0.451 (0.034) 

Grass Patch 
 

38 
 

3 12.6   (0.168) 100 0.471 (0.008) 0.765 (0.005) 0.412 (0.009) 

Katanning 
 

40 
 

3 16.5   (0.207) 100 0.553 (0.001) 0.859  (0.002) 0.381 (0.011) 

L Magenta 
 

22 
 

2 10.4  (0.176) 100 0.512  (0.011) 0.776  (0.004) 0.372  (0.017) 

Red Lake 
 

82 
 

8 17.6  (0.148) 100 0.474  (0.005) 0.842  (0.003) 0.448  (0.004) 

Stirling 
 

15 
 

2 9.3   (0.280) 100 0.431  (0.016) 0.741  (0.006) 0.478  (0.017) 

Truslove 
 

16 
 

1 8.3    (0.203) 100 0.538  (0.013) 0.706  (0.008) 0.282  (0.020 

Young River 
 

45 
 

5 17.5   (0.247) 100 0.496 (0.008) 0.820  (0.004) 0.412  (0.008) 

 
 

Mean 
 

12.85  (0.225) 100 0.497  (0.002) 0.784  (0.001) 0.431 (0.002) 

 
 
Table 4.  Distribution of allelic diversity among nine Eucalyptus occidentalis 

provenances calculated using AMOVA from alleles of eight microsatellites, n 
= number of individuals 

 
 

Level 
 

n 
 

Allelic diversity (%) 
 

Among Provenances  5 
Within Provenances  95 

   

Provenance  n % 

- Beaufort River 47 14.5 

- Gordon River 9 2.6 

- Grass Patch 8 10.8 

- Katanning 40 12.5 

- Lake Magenta 22 6.3 

- Red Lake Siding 83 26.5 

- Stirling Range 15 4.4 

- Truslove 16 3.9 

- Young River 45 13.7 
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The average genetic distance value between all pair-wise provenances of E. 

occidentalis was 199. The highest distances were between pairs of southern 

provenances Stirling and Gordon (437), between Stirling and two northern provenances, 

Lake Magenta (508) and Beaufort (467), and between Stirling and an eastern 

provenance Truslove (411). Stirling, Gordon and Truslove were provenances 

represented by the least number of families (1-2).  

 

Family level 
 

The maximum number of alleles per locus in any one family was 12. Families 

with the lowest numbers of alleles (1-2) per locus were 84- and 87-Beaufort, 149- and 

151-Red Lake Siding, 15-Stirling and 110-Young. Across families, there was a similar 

proportion of rare alleles (50.12 %) and common alleles (49.88 %).  

The number of individuals per family ranged from 4-17. Mean number of alleles 

varied among families (3.1-9). Observed heterozygosity (Ho) and expected  

heterozygosity (He) were moderate to high, and had values between 0.563-0.695 and 

0.395-0.7680 respectively. Family 15-Stirling, with the least individuals (4), had lower 

diversity (0.395) than the remaining families (0.507-0.768). Highest allelic diversity (> 

0.683) occurred in some families from the northern range of natural distribution 

including all families from Katanning, three families from Red Lake Siding (122, 124 

and 153), two families from Beaufort River (86 and 87), and one family from each of 

Young (108), Lake Magenta (94) and Grass Patch (137). Variances estimated using 

AMOVA showed more genetic diversity was distributed within (84%) rather than 

between families (16%). 

Relationships between geographic and climatic variables (Table 5) with genetic 

diversity were examined. The calculation excluded 15-Stirling, which was a distant 

outlier with much lower diversity (0.395) than the remaining 29 families (0.507-0.768) 

due to the low number of progeny in this family. There was a correlation between 

decreasing diversity with increasing longitude (to the east) (Figure 2.A). This 

correlation was influenced by 6 outlying families with the highest diversity (0.747 - 

0.768) from the west (34 and 36-Katanning and 86-Beaufort River) and the lowest 

diversity (0.507 - 0.557) of some families from the east (110-Young, 149 and 151-Red 

Lake Siding). There was also more diversity with increasing altitude (Figure 2.B).  

Although not significant, there was a tendency towards increasing diversity with 
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increasing annual rainfall (Figure 2.C). This relationship was influenced by outlying 

western (34 and 36-Katanning) and eastern families (149 and 151-Red Lake Siding). 

Pairwise differentiation between families had a range of values from 0.09 - 0.26.  

Families that had the highest differentiation from remaining families were 15- and 14-

Stirling (0.263 and 0.136), 149- and 151-Red Lake Siding (0.199 and 0.191), 111-

Young (0.176), 84-Beaufort (0.147) and 110-Young (0.145). Families from Red Lake 

Siding, Beaufort River, and Young River had the greatest within-provenance differences 

with differentiation values scattered from the highest to the lowest rank.  

Between all pair-wise families of E. occidentalis, the average distance value was 

395 with a range of values from 58 - 1703.  Among the 10 largest distances, with values 

of greater than 1100, four pairs were between Young River families (108 or 110) and 

families from north provenances Katanning (30), Beaufort (84), Lake Magenta (96) and 

Red Lake (149). The lowest values of less than 200, included genetic distances between 

families from eastern provenances Red Lake, Grass Patch and Truslove and those in the 

main range from Beaufort and Katanning. 

UPGMA Analysis (Figure 3) indicated two distinct families, 149 Red lake Siding 

and 110-Young. There was little clustering of families from the same provenances 

except for three families from Red Lake Siding.  

 

 
Table 5. Climatic and geographic variables of Eucalyptus occidentalis provenances 
 

Provenance Weather Station  
Annual rainfall 

(mm) 
Max temp 

(°C) 

 
Altitude (m above 

sea level) 
Latitude 

(°S) 

 
Longitude 

(°E) 

Beaufort R. Wagin 429 30.9 256 33.31 117.34 

Gordon R. Frankland vineyard 600 27 230 34.44 116.99 

Grass P. Esperance down station 500 30 158 33.6 121.78 

Katanning  Katanning comparison 480 30 310 33.69 117.56 

L. Magenta R. Jacup 460 27 305 33.89 119.11 

Red Lake S. Salmon Gum 356 30.5 249 33.99 121.62 

Stirling R. Mt Baker 732 26 300 34.63 117.64 

Truslove Esperance down station 500 30 158 33.6 121.78 

Young R. Munglinup melaleuca 430 30 210 33.6 120.76 
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Figure 2. Associations between Eucalyptus occidentalis family diversity and 

environmental characteristics. A longitude, B. altitude, and C. annual 
rainfall.  
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Figure 3. Genetic relationship between families from nine provenances of Eucalyptus 

occidentalis based on genetic distance (Goldstein et al.,1995).  
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6.3.2.   Crossing success 

 

Success of cross pollination involving 45 combinations was low, and fruit 

production decreased from 97.9% shortly after pollination to 8% after 10 months. A 

high proportion of fruits abscised 12-16 weeks after pollination. The percentage of fruit 

production for each combination ranged from 0-34%.  

Among the 45 crosses, there were 27 combinations that retained some fruit until 

harvest and of these, 25 combinations produced seed. There were between 11 and 100 

plump, and therefore potentially viable seeds. Seeds from all 25 crosses were sown.  Of 

these, 22 combinations had seeds which germinated, but only 10 combinations produced 

viable seed which developed into seedlings. Eight combinations had seedlings that 

survived to 9 months with survival ranging from 4.3 - 61.8% (Table 6).  More seeds 

germinated from crosses between 96-Lake Magenta as the female parent and 20-Young 

River as male, and between 36-Katanning as female with 124-Red Lake Siding as male 

parent. Open pollination was used as a control, which resulted in 47% fruit production 

at harvesting, with an average of 23 seeds/fruit and 60% of seeds germinated. Only 33% 

of selfed flowers retained fruits at harvesting and fruits on average produced 15 seeds 

with 16% germination. 

 
Relationships between genetic distance and cross success 

Correlation between the 27 cross combinations that did or did not produce fruits, 

and parental genetic distance did not exist at a provenance level (R = 0.26) but there 

was a trend at family a level (R = 0.39*). The relationship between fruit production and 

increasing parental distances was stronger at the individual level (Figure 4 A).  At the 

individual level there was also a trend between increasing parental genetic distance and 

an increasing proportion of germinated seeds/fruit (Figure 4. B), but not at provenance 

and family level (R = 0.13 and 0.08 respectively). This carried through to a positive 

relationship between genetic distance and seedling survival at 2 months (Figure. 4 C) 

and 9 months (Figure 4. D) at the individual level. When one outlier was excluded, 

association was greater (R = 0.67*) for number of germinated seed per capsule  and 2-

week seedling survival (Figure 4 B and C) but decreased for 9-month seedling survival.  
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Table 6.  Cross combinations of Eucalyptus occidentalis male and female parents, 

their genetic distances, percentage germinating seeds and seedling 
survival at 2 weeks and 9 months 

 

Female 
family-prov 

 

Male family-
prov 

 

 
Cross 
combination 
(level of 
tolerance) 
 

 
Indiv. 
gen. 

dist. of 
parents 

 
Family 

gen. dist. 
of 

parents 

 
Prov. 

gen. dist. 
of 

parents 
 

 
Germ. seeds/ 

fruit 
number (%) 

 
Seedling 

survival at 2 
weeks 

number (%) 

 Seedling 
survival at 9 

months 
number (%) 

 
36-Kat 124-Red A (L x H) 7727 268 55 41  (68) 30  (50) 30 (50) 
96-LMag 20-Young B (L x H) 3437 371 106 59  (96) 39  (65) 38 (62) 
110-Young  108-Young C (H x H) 83 568 0 11  (19)   7  (12)   7  (12) 
20-Young  30-Kat D (H x L) 2138 379.3 103   5  (10)   5   (6)   3    (6) 
20-Young  96-LMag E (H x L) 5550 371 106 23  (25)   8   (8)   4    (4) 
110-Young  150-Red F (H x L) 2187 242 46   7  (24)   4  (13)   3   (10) 
96-LMag 76-Trus G (L x H) 6145 159 97   7  (23)   7  (23)   5   (16) 
76-Trus 124-Red H (H x H) 4904 245 97 10  (10)   5   (5)    5   (5) 
20-Young 85-Beauf  (H x L )  1595 334 76   2    (2)   2   (1) - 
20-Young 76-Trus  (H x H) 1968 137.4 62.4   1    (2)   1   (2) - 
          
Young  = Young river               LMag   = Lake Magenta            Kat = Katanning 
Red     = Red Lake Siding        Trus    = Truslove                      H = High, L = Low salt tolerance 
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Figure 4. Relationships between individual genetic distances of  Eucalyptus occidentalis 

parents and fitness traits.  A. fruit production (%) B. germinated seeds/fruit 
(%) C. seedling survival at 2 weeks (%) and D. seedling survival at 9 months.  
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6.3.3 Progeny test  

 
Screening repeatability   
 

Five check-families were used to compare the two different environments of the 

first screening experiment and the progeny test, with up to 500 mM salt-waterlogging 

conditions.  Five control 9.5-month-old families were taller (73 cm) under the progeny 

test than 8.5 month-old seedlings under the first salt-waterlogging screening experiment 

(52 cm).  This was due to differences in seedling age between experiments but there was 

no interaction between experimental environment and genotype. Under both trials the 

treatments provided similar effects on seedling growth.  This was demonstrated from 

mean heights of five control families in both experiments that were highly correlated 

under control treatment from week 1-11 (R = 0.91) and particularly under salt 

waterlogging treatment from 50-500 mM salt (R = 0.99).   

 

Survival 

Survival of the five check-families did not change under control (82%) and 500 

mM salt-waterlogging (75%) treatments. Under control conditions, the average survival 

of A (65%), B (63%) and C (83%) was 70% which was higher than survival under salt-

waterlogging (49%). Analysis of differences between cross combinations under 500 

mM could not be carried due to limited progeny number. 

 

Height, relative growth and final leaf proportion  

At 250 mM salt,  height and relative growth were similar between check-families 

but differed at 500 mM salt (Table 7. A). Tall families from eastern provenances, Red 

Lake Siding and Grass Patch have higher relative growth with 153-183% and 163% 

respectively than shorter family from Beaufort (145%).  At 500 mM salt-waterlogging, 

final leaf proportion was reduced (96%) compared with control (125%) but families did 

not differ. 

Salt (250 mM) reduced height of progeny compared with controls and the 

difference was greater at 500 mM (Table 7 B). Treatment and cross combinations had 

no effect on progeny (A-C) relative growth. Treatment also give no effect on final leaf 

proportion. 

 Salt waterlogging influenced the survival and growth of progeny (Table 7. C). At 

250 mM salt, cross combinations did not influence height, progeny relative growth or 

final leaf proportion. Height differences between progeny (A-H) were greater at 500 
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mM. Interactions between treatments and cross combinations were limited and 

influenced different aspects of growth. At 500 mM salt cross combinations A (LxH), C 

(HxH) and G (LxH) were taller, D (HxL), E (HxL) and H (HxH) had greater relative 

growth and B (LxH) and D produced or retained more leaves. 

 

Table 7.     Analysis of variance of A. five check-families B. three cross combination 
(A-C)  to compare between tank treatments and C. eight Eucalyptus  
occidentalis cross combinations (A-H) to compare traits under salt-
waterlogged (500 mM salt) condition. Where A = 36-Kat x 124-Red, B = 96-
LMag x 20-Young, C = 110 Young x 108Young, D = 20-Young x 30-Kat, E 
= 20-Young x 96-LMag, F = 110-Young x 150-Red, G = 96-LMag x 76-
Trus, H = 76-Trus x 124-Red. 

 
A. Five check- families   

  
Family mean under salt waterlogging 

500mM salt 

 Control 
Salt 

Waterlogged lsd 
87- 

Beauf
136-

Grass
149-
Red 

151-
Red 

153-
Red lsd 

     
 Height     

Treat  *** 72 61 3.4       
Families ** - -  56 60 63 62 64 7.2 

 Rel.Growth (%)          
       Treat *** 201 160 19       
       Families ***    145 163 160 153 183 40 
 Final.Leaf (%)          
       Treat ** 125 96 14       
       Families           

 
B. Three cross combinations (A, B and C)       

  
Cross combinations under salt waterlogging 

500mM salt 

 Control 
Salt 

waterlogged lsd A B C      
      Height        
           Treat  *** 38 30 3.1       

 
C. Eight cross combinations (A-H) under salt waterlogged 500mM 
 
 
  

 
Salt- waterlogging (500 mM) 

 Cross combinations  (survived progeny) 

 
lsd 
 

A 
(9) 

B 
(9) 

C 
(2) 

D 
(1) 

E 
(3) 

F 
(1) 

G 
(5) 

H 
(4) 

Survival (%)  45 45 50 33 75 33 100 80 
Height  (cm) ** 8 36 28 30 12 21 28 30 27 
Rel.Growth (%) *** 55 179 230 170 303 248 137 205 249 

  Final.Leaf (%)* 
 

26 
 

131 
 

167 
 

114 
 

150 
 

121 
 

109 
 

126 
 

90 
 

* = (P 0.05), ** = (P 0.01), *** = (<0.01) 
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Heritability  

Progeny (3-20), from the 7-30 individuals per cross combination, were used for 

salt-waterlogging treatments. Variation in performance was high between progeny 

within each cross. Heritability values from parent-offspring regression under 500 mM 

salt-waterlogging treatment indicated that height was the only trait moderately inherited 

(h2 = 0.5 ± 3.4). Relative growth (h2 = 0.17 ± 0.47) and final leaf proportion (h2 = 0.05 ± 

20.6) had low heritability values. It was not possible to compare heritability values 

across cross combinations between high x high, high x low and low x low because of 

the limited number of progeny from each combination. Likewise, calculation of 

heritability under control conditions could not be carried out due to insufficient 

progeny. It was therefore deemed inappropriate to compare performance of parents 

under salt-waterlogging to progeny under the non salt control.  

 
Progeny performance under 500 mM salt-waterlogging 
 

There were insufficient progeny for statistical differences to be apparent but there 

was a trend for an increase in mean height across the progeny population (29.4 ± 1.7 

cm, n= 34) compared to the parent population (28 ± 1.7 cm, n = 16) under 500 mM salt-

waterlogging (Figure 5). The distribution of individual progeny shifted towards the right 

(taller) compared with parents. 

Greater genetic distance improved survival and height of progeny. Only cross 

combinations with a parental genetic distance of ≥ 3436 (A, B, E, G and H) had ≥ 3 

surviving progeny under 500 mM salt (Table 7 C and Figure 6).  Cross combinations 

with parental genetic distance of ≥ 4904 (E, G and H) had ≥ 75% survival except cross 

combination A which resulted in only 45 % survival.  
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Figure 5. Comparison of height in Eucalyptus occidentalis parent and progeny 
populations under 500 mM NaCl treatment. 
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T-test analysis revealed consistent patterns in comparison of cross combinations 

with 3 or more individuals (Table 8). Progeny from combinations with similar parental 

genetic distance were similar in height. However, progeny from parents of medium 

genetic distance were shorter than progeny from parents with large genetic distances (B 

vs A and E vs A).   Cross A, which had parents with the widest genetic distance (7727) 

produced the greatest increase in height (50%) from a mid-range parent compared to 

other crosses <15%).  
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Figure  6. Plant height (cm) of parents and progeny of crosses of Eucalyptus 

occidentalis. Performance was tested under 500mM NaCl treatment for 
crosses with different genetic distance between parents and different salt 
tolerance of parents. (For cross combination details, refer to Table 6). 

 
 
 
 
 
 
Table 8.     Comparison of mean-progeny height (t-test) from Eucalyptus occidentalis 

crosses between parents of different genetic distances.(For cross 
combination details refer to Table 6). 

 
  Progeny height 
Cross 

1 
Cross 

2 
Cross 1 

(Mean ± s.e) 
Cross 2 

(Mean ± s.e)

No.of 
Progeny 
1 vs 2 

       Genetic 
distance 
 

t test 
(P 0.001) 

 

E H 21 ± 6 27 ± 6 3 x 4 
similar – medium 
5550 and 4904 ns 

E B 21 ± 6 28 ± 2 3 x 9 
similar – medium  
5550 and 3437 ns 

E G 21 ± 6 30 ± 5 3 x 5 
similar – medium  
5550 and 6145 ns 

B A 28 ± 2 36 ± 2 9 x 9 
medium  vs large  
3437 and 7727 ** 

E A 21 ± 6 36 ± 2 3 x 9 
medium  vs large  
5550 and 7727 ** 

G A 30 ± 5 36 ± 2 5 x 9 
similar - large  
 6145 and 7727 ns 

 
 
 
 
 

 194 



Chapter 6 
_____________________________________________________________________________________ 
 
6.4 Discussion 

Genetic diversity  

 
Salt tolerant families in E. occidentalis could be selected without losing too much 

genetic diversity. Diversity of E. occidentalis at family level (0.648) was only slightly 

reduced compared to diversity at provenance level (0.784) and both were only slightly 

lower than diversity at species level (0.869).  Eucalyptus occidentalis species diversity, 

assessed using 8 microsatellite loci, was greater but comparable to the moderate 

diversity of natural populations estimated by 25 RFLP probes (0.37) (Elliot and Byrne, 

2003).  This is consistent with a general pattern of a two-fold increase in levels of 

diversity with  microsatellite markers compared to RFLPs in a number of eucalypt 

species (Byrne, 2008). The higher level of diversity in this study compared to the 

natural populations is predominantly due to the use of different markers, but also may 

be influenced by different germplasm being assessed. Eucalyptus occidentalis diversity 

here may not be suitable for comparison to other Eucalyptus from plants in natural 

populations due to the use of families, which would under-estimate alleles from half-sib 

individuals. 

In this study, there was high diversity in the nine representative provenances of E. 

occidentalis that were used in the breeding population to assess salt/waterlogging 

tolerance. Maintenance of diversity is crucial to avoid inbreeding depression which is 

common in Eucalyptus (Potts and Wiltshire, 1997; Hardner and Tibbits, 1998). 

Moderate to high diversities in breeding populations and orchards have been shown to 

also occur in first generation selection of E. globulus (0.82) (Jones et al., 2006) and 

clonal orchards of E. dunii (0.68) (Marcucci Poltri et al., 2003) using 7 and 4 loci 

respectively. With this level of diversity, selection of the 47 tallest individuals giving an 

8% gain for height (Chapter 4) should still maintain genetic diversity.  Zobel and 

Talbert (1984) also suggest that 25-40 clones is appropriate in the first generation of 

clonal orchards to maintain a broad genetic base for operational production, which can 

be further rogued down to 20 or less after testing.   

High E. occidentalis diversity in this study was influenced by the proportion of 

rare alleles. Inclusion and maintenance of rare alleles in a breeding program is important 

especially when these alleles may be related to beneficial genes (Yanchuk, 2001). 

Across provenances, the distribution of alleles was skewed with the proportion of rare 

alleles three times that of common alleles (24.7%). Analysis across 30 families 

demonstrated an equal proportion of rare and common alleles. This is similar to that 
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found across provenances in E. occidentalis using RFLP markers (Elliot and Byrne, 

2003).  The high proportion of rare alleles in E. occidentalis might indicate that 

population size of the nine provenances captured sufficient genetic diversity for 

breeding purposes.   

There was substantial genetic variation in E. occidentalis within provenances 

(95%) and within families (84%).  Whilst population differentiation at species level was 

different from zero when analysed using provenances as populations (θ = 0.039) or 

families as populations (θ = 0.1118), these values indicated little genetic differentiation 

at a provenance level, and moderate differentiation at family level. This level of 

variation provides possibilities for further selection of individuals for stress tolerance. 

Local adaptation of families from arid and saline areas may have evolved through 

natural selection of traits that have high fitness under saline environments. This 

differentiation due to geographic or environment isolation are indicated by taller 

families that varied from those from other provenances. There was less differentiation in 

E. occidentalis populations in the north than across the main distribution range, 

confirming earlier results from RFLP (Elliot and Byrne, 2003).  Differences between 

populations can be due to inbreeding, geographic isolation, genetic drift, population size 

and gene flow (McDonald et al., 2003). This study suggested little evidence of 

inbreeding in E. occidentalis, which is in agreement with previous findings (Elliot and 

Byrne, 2003). 

The geographic conditions, longitude and altitude were related to E. occidentalis 

population diversity, although this was mainly due to the high diversity of some western 

families and low diversity of some eastern families. Association of higher diversity at 

high elevation, confirms an earlier tendency found using RFLP, towards greater 

diversity with altitude (Elliot and Byrne, 2003).  There is a greater occurrence of salinity 

and waterlogging in lower areas in south Western Australia regions (Hunt and Gilkes, 

1992), so the association indicated that E. occidentalis exposed to these stresses had 

lower diversity than those in upper parts of landscapes where stress tolerance would be 

less. 

Usually, spatial genetic variation is associated with geographic heterogeneity due 

to natural selection (Hardner et al., 1998).  However, there is little molecular genetic 

differentiation between the main range provenances and the eastern provenances (Grass 

Patch and Red Lake Siding) which come from distinct environments. In contrast, these 

two provenances were the tallest under salt, and presumably this difference was 

associated with adaptations to their natural saline habitat. These two provenances were 
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from north of Esperance, where salt lakes are common. Red Lake Siding seed were 

collected from trees located near the saline Red Lake (Morgan, 1968).  Most other 

provenances were from locations near fresh, brackish or saline river systems, but these 

did not have the same extreme salt conditions as the eastern provenances. Both eastern 

provenances were from the arid region (200-400 mm annual rainfall), where less water 

is available to dissolve and dilute salt than other higher-rainfall provenances (400-600 

mm) (Morgan, 1978-1979). Good performance of Grass Patch follows earlier trials in 

Australia and Italy (Harwood et al., 2001).  

These provenances may also have advantages in terms of stress tolerance 

associated with soil characteristics. There were substantial differences in soil characters 

between the eastern provenances, which had calcareous sands (containing calcium 

carbonate/lime) and most other provenances, which had various soils ranging from low 

nutrient Yalgarin-derived soils, loams, clays and duplex soils, some with periodic 

waterlogging (Conacher and Conacher, 1998a). Soil with calcium carbonate tends to be 

alkaline and nutrient availability is limited due to the high pH (Hunt and Gilkes, 1992). 

It is likely that the eastern provenances may have natural adaptation to high pH and/or 

low nutrient availability. This requires further examination, but none the less it would 

be a useful adaptation for production in much of the south west of Western Australia, 

and in other low nutrient or alkaline soils, such as those found in the eastern 

Mediterranean (Zohar, 1991). 

Within Red Lake Siding and Grass Patch provenances, the performance rank of 

each family was spread from high to low revealing good differentiation. Some taller 

families had relatively high differentiation of 0.2 and 0.19, such as in 149- and 151-Red 

Lake Siding respectively, or moderate differentiation (0.12), as in family 137-Grass 

Patch. These and three other families from Red Lake Siding had high breeding values 

under 550 mM salt-waterlogging conditions and were the highest ranked when observed 

in two saline field trials (Chapter 4). Thus, there are considerable advantages in 

including these families or others from these provenances, which had high molecular 

differentiation, good growth characteristics and stable performance in different saline 

environments.   

Genetic relatedness, visualised using UPGMA analysis revealed that families 

within provenances were generally not structured into close relationships. The tallest 

families from Red Lake Siding and Grass Patch were not closely related, and only once 

were three families grouped together in a provenance.  This indicated that salt tolerance 

genes within families were possibly scattered, re-enforcing the case for genetic 

 197



Chapter 6 
_____________________________________________________________________________________ 
differentiation of families within provenances. Some of the highest genetic distances 

were between families within the eastern provenances, such as between 149-Red Lake 

and 136-Grass Patch, or within provenances such as 149 and 150-Red Lake Siding. 

Therefore, it would be possible to further explore salt tolerance within the two selected 

provenances, Red Lake Siding and Grass Patch., while maintaining genetic diversity  

There is a strong possibility that different genes and perhaps different mechanisms are 

being employed for salt tolerance and it may be possible to pyramid these traits (Bennet 

and Kush, 2003). With no specific structure, breeding with salt tolerant individuals from 

these or other E. occidentalis provenances would be expected to result in substantial 

increases in salt tolerance, but no decline in genetic diversity.  

 

Controlled crosses 

One stop pollination of immature styles (Trindade et al., 2001) was suitable for 

controlled crosses of E. occidentalis. Although overall only 8% of fruits were retained 

at harvest, this was from a range of 0-34% from 45 different cross combinations, 

indicating genetics and technique interplayed with the success of this procedure. 

Success was correlated with genetic distance at family and individual level. Half of the 

open pollinated and a third of selfed E. occidentalis flowers retained fruits to maturity, 

also indicating greater genetic diversity improves fruit production. A period of 

abscission is common during fruit set and it is often related to the success of pollination 

and seed development.  Seeds are a hormone source, and seed number is positively 

associated with fruit production and growth (Yuan and Greene, 2000). Low fruit 

production is also common in young plants following the transition from the juvenile to 

mature stage as the apportioning of photoassimilates shifts (Kriedemann, 1968; Sedgley 

and Griffin, 1989). Controlled crosses produced more seeds with a higher germination 

percentage than open pollination or selfing. Application of pollen to the cut immature 

style, hastens fertilization and bypasses some incompatibility mechanisms (Cauvin, 

1988; Potts and Cauvin, 1988; Herrero and Hormanza, 1996; Trindade et al., 2001). 

Pollination success as evidenced by fruit production, seed set and germination was more 

variable in E. occidentalis than in E. globulus but followed a similar pattern (Harbard et 

al., 1999; Trindade et al., 2001).  The greater range in E. occidentalis probably 

indicated the impact of genetic distance, the risk of damage from wounding and the 

capacity for complete success using this method.  

Although few crosses were performed there was a trend for crosses between E. 

occidentalis parents of close genetic distance to have low fruit production, and poor 
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seed germination and early seedling survival. Inbreeding depression is common in 

Eucalyptus (Eldridge et al., 1993, Hardner and Potts, 1995) and these responses are 

commonly observed (Sedgley and Griffin, 1989).  Eucalyptus occidentalis, has a high 

outcrossing rate (Byrne, 2004) so low fitness is expected from parents with close 

genetic similarity (Wili and Buskirk, 2005). In E. globulus, symptoms of inbreeding 

depression such as reduced wood volume, can also occur after 4 years (Hardner et al., 

1998). Molecular measurement of genetic distance and careful selection of parents 

would also avoid this late effect on wood production. Further research will be required 

to determine the best provenances and families to act as female or male parents but 

certainly microsatellites provided a suitable means to screen parents for adequate 

genetic distance. 

Progeny test  

The assessment of salt/waterlogging tolerance in progeny conducted here passed 

the essential criterion of repeatability of results. There was a perfect correlation, under 

similar growing seasons, between salt-waterlogged parental screening and the salt-

waterlogged progeny test. Thus repeated salt-waterlogged testing can be carried out for 

E. occidentalis with many provenances and families when numbers are too large to be 

completed in one trial, as long as control families are included to assess and confirm 

repeatability. Factors that influence salt-tolerant expression need to be as similar as 

possible, including salt concentration, macro and micro nutrient levels, timing, length of 

exposure, and other abiotic factors such as temperature, humidity, net radiation and 

potting media (Shannon, 1997).  There must be little interaction between control 

families and environments, as interaction reduces the effectiveness of such testing 

(Shannon, 1997).   

Determination and measurement of inherited traits is essential for screening. Both 

progeny and parents exposed to salt stress showed similarity in height, growth and final 

leaf proportion. However, only height had high heritability and this was supported by 

ANOVA-based analysis (Chapter 4) and to a lesser extent, parent-offspring regression 

heritability values. Heritability values using analysis of variance are often higher than 

parent-offspring regression (Zobel and Talbert, 1984; Bos and Caligari, 1995).  Here the 

differences in these tests may have been due to sampling as ANOVA-based analysis 

was derived from 237 data points out of 30 families, while parent-offspring regression 

used 35 progeny from eight cross combinations. Low crossing success, which produced 

very few progeny, reduces precision of heritability estimates (Loo-Dinkins, 1992). In 
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addition, parent seedlings were selected for uniformity before screening, increasing the 

precision of heritability estimation.  Whereas variation in progeny performance was 

influenced by differences in seedling size due to irregular seedling emergence following 

germination (Burdon and Sweet, 1976). Controlled pollination of young plants may also 

have biased results as only individuals with flowers could be used and these were not 

necessarily the best performers.  

 

Progeny performance under 500 mM salt-waterlogging 

Wide parental genetic distance increased progeny survival and performance under 

500 mM salt-waterlogging in E. occidentalis. The mean survival and height of progeny 

were higher than their parental mean values and the overall mean value for the progeny 

population was shifted compared to that of the parental population. Crosses with the 

widest parental genetic distance produced the most progeny with considerable height 

increases above parents, and this trend was evident even with moderate distances. 

Genetic fitness determines vigour, plant size and the ability to grow under saline and 

waterlogged conditions (Hu et al., 1977; Munns and Termaat, 1986; Rees, 2000). Lower 

fitness of progeny from parents with close genetic distance is expected due to 

inbreeding depression, resulting from increasing homozygosity and deleterious 

recessive alleles (Balint, 1976; Charlesworth and Charlesworth, 1987). This reflects the 

strong association between genetic similarity of sexually mated parents and their 

progeny performance (Knowlton and Jackson, 1993), however the association is still 

represented by a bell-shaped curve. The greatest genetic distances examined here 

improved progeny performance and this may represent the intermediate genetic distance 

which achieves optimum fitness (Willi and Buskirk, 2005). When genetic distance 

between parents is too wide, as in some wide intra-specific crosses and interspecific 

hybridizations, outbreeding depression can be expressed due to the disruption of local 

adaptation, underdominance or epistatic interactions, and the breakdown of co-adapted 

gene complexes (Edmands, 2007). However, these types of wide crosses were not 

explored in this study, and further examination of crosses from wide genetic distances 

may be required to confirm that the optimum distance for E. occidentalis has indeed 

been obtained. Genetic recombinations in progeny may also have added value, and this 

can be exploited in large crossing programs (Zobel and Talbert, 1984).  



Chapter 7                                                                                                                                                              General Discussion 

_____________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter  7 
 

General Discussion 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 201



Chapter 7                                                                                                                                                              General Discussion 

_____________________________________________________________________ 
Chapter  7.  General Discussion 
 

This thesis provides a substantial contribution towards the development of 

selected E. occidentalis genotypes capable of withstanding very high salt levels, 

waterlogging, and provide an economic return.  Previous studies used lower salt levels, 

which this study has shown to be inadequate, and a very limited range of Eucalyptus 

occidentalis genotypes (Marcar, 1989; Van der Moezel et al., 1991; Benyon et al., 

1999; Marcar et al., 2000b). In the short term, the superior genotypes identified here 

provide a population for further breeding for improved salt/waterlogging tolerance. 

With further development and improved mass propagation methods, these genotypes 

would provide economically valuable tree materials suitable for plantations under saline 

and/or waterlogged conditions.  Their application is not specific to only Western 

Australia, but other parts of the world affected by aridity and salt, including North 

Africa, the Middle East, Pakistan, India, and south-western United States (Marcar and 

Crawford, 1996; Abou-Hadid, 2003). This work confirms, and extends earlier 

suggestions that E. occidentalis is substantially more tolerant than other economically 

valuable tree species (Donaldson et al., 1983; Marcar and Crawford, 2004).  There are, 

however, some 17 other species that are classified as highly or extremely salt tolerant 

from the genera Eucalyptus, Acacia, Melaleuca and Casuarina which are equally 

suitable for log production (Marcar and Crawford, 2004). However there are very few 

species from this group useful for sawn timber and pulp (Doran and Hall, 1983) while 

others have potential for weediness.  Acacia stenophylla produces wood suitable for 

furniture (Boxshall and Jenkyn, 2001) but not pulp (Marcar and Crawford, 2004). 

Economic return is unlikely to be as high as from other timber species from high rainfall 

areas (Bush et al., 2007). However, as a deep-rooted tree with high water use, E. 

occidentalis may also be able to alleviate waterlogging and salt incursion in areas at risk 

(Bari and Schofield, 1992) while providing an environmental service, allowing planting 

in low or unproductive saline areas where other plants do not survive. Thus these 

species are able to provide an economic return from currently unprofitable land and 

potentially reduce the spread of waterlogging and/or salinity onto remaining farming 

areas. Together with other species, E. occidentalis can be used to establish agroforestry 

systems on saline agricultural lands, and potentially increase farm income (Singh, 1994; 

Hollington, 1998). Improved agronomic management and agroforestry increased yields 

by nearly 200% for Pakistani farmers (Qureshi et al., 2003).  There are limited species 

available for agroforestry in increasingly saline areas (Hart et al., 1991). Therefore, salt 
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tolerant E. occidentalis may now provide an additional alternative for such lands, while 

protecting marginal lands from encroaching waterlogging and salinity. 

 Several traits are essential for timber species selection.  Survival, height, 

diameter, leaf proportion and growth rate were examined here but other efforts have 

included stem form, branching and wood fibre quality (Zhang and Morgenstern, 1995; 

Zas et al., 2004). These traits may be selected from within E. occidentalis or from other 

species though interspecific hybridisation (Harwood et al., 2005, Bush et al., 2007).  

With an increasingly adverse environment predicted due to salinity or rapid climate 

change (Yeo, 1998; Schneider, 2001) breeding to provide tougher genotypes is desirable 

and should continue. Susceptibility to pests and disease can increase under stress  

(McHughen, 1987; Pasternak, 1987).  This should also be examined (Qureshi et al., 

2003) for E. occidentalis, which ranges widely (Marcar and Crawford, 2004). 

Eucalyptus occidentalis is suitable for planting in low rainfall regions. There are 224 

million ha of arid to semi arid regions (annual rainfall 250 - 500 mm) in the world, 

many affected by salinity (Szabolcs, 1989; Choukr-Allah, 1997).  This is expected to 

increase over time (Yeo, 1998). Together with other hardwoods species such as E. 

camaldulensis, E. tricarpa, E. sideroxylon, E. cladocalyx, Corimbia maculata, C. 

citriodora subsp. variegata and conifers Pinus radiata, P pinaster and P. brutia, E . 

occidentalis can be used for plantations in low rainfall areas (Harwood et al., 2005; 

Bush et al., 2007). However, among this selection of suitable tree species, E. 

occidentalis is the only one that is highly salt tolerant (Marcar and Crawford, 2004).  In 

addition, E. occidentalis is particularly cold tolerant. Examination so far indicates it can 

withstand 2-8° C minimum temperatures in its natural habitat (FAO, 1981; Marcar, 

1989; Marcar et al., 1995).  This is important as frosts are predicted to be more 

prevalent with rapid climate change (Bureau of Meteorology, WA).  Eucalyptus 

occidentalis is also tolerant of high alkalinity and will grow in soils with pH 8 - 9 

(Marcar et al., 2000). Much of the arid and semi-arid regions of the world (62 million 

ha) comprise of alkaline soils (Szabolcs, 1989; Choukr-Allah, 1997).  Hence a plant 

which is tolerant of both salt and alkalinity is advantageous in these regions. Highly 

saline water is also produced by some mining operations (Conacher, 1998c; Mercuri et 

al., 2005). Eucalyptus occidentalis would be useful in post-mining reclamation or to 

provide economic benefit such as post-coal mining plantations utilising saline mine 

water (Mercuri et al., 2005). Furthermore, there is intangible value in the preservation 

of natural environments, especially across the natural E. occidentalis distribution. This 

may be in conserving currently viable habitat, land and water conservation, or in 
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establishing new habitat for other living creatures. This is critical not only for south-

western Western Australia but also to relieve the negative impact of increasing salinity 

worldwide.  

The repeatable, controlled screening procedure applied here demonstrated the 

ability to screen provenance, family and individual genotypes while confirming 

tolerance with consistent field trials. It is hoped that this approach can be used as a 

successful example for other species. Results from the first salt screening (Chapter 4) 

and the progeny test (Chapter 6), were perfectly correlated in relation to growth under 

salt waterlogging indicating the repeatability of this method. This also provides a means 

to divide accessions into several batches and maximise the use of facilities.  Provided  

consistency of treatments, environment and season, and control genotypes are 

incorporated into the experimental design (Shannon, 1997). Salt waterlogging proved to 

be a more useful screen than salt alone as it produced variation in all traits (survival, 

height, relative growth and final leaf proportion) tested. Less phenotypic variation was 

observed under salt drained treatments than under salt-waterlogging, particularly in 

survival and final leaf proportion.  

All assayed E. occidentalis had high survival rates under waterlogging alone. 

There was no differentiation between provenances or families for survival, leaf 

proportion and only a slight reduction in growth after 3 months, so this treatment is 

inadequate for screening.  Longer periods of time could be attempted but one month of 

screening is appropriate for other Eucalyptus (Van der Moezel et al., 1991). It is most 

likely that waterlogging tolerance is a common trait across the species. Waterlogging 

tolerance alone is not useful for selection and other traits relating to suitability for the 

intended purpose, for example height, growth rate, tree form also need to be assessed. 

This also indicates that E. occidentalis is ideally suited to non-saline waterlogged areas.  

Heritability, the value by which inheritance of traits is measured, is the genetic 

worth that shows how much influence is genetic and how much is environmental 

(Eldridge et al., 1993). Low heritability values in the field where salt variability across 

areas is high, is expected. Some methods can be used to limit the environmental 

component of variance in field trials. The experimental design can be modified and with 

detailed mapping of salinity levels, plots can be composed of long rows along salinity 

gradients.  Geostatistical techniques can be used to cope with high salinity 

heterogeneity, while artificial watering can be applied to modify salinity (Hollington, 

1998). These are difficult options and do not account for the inevitable temporal 

changes in salinity with seasonal rainfall and waterflow across the site. 
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Selection procedures here indicated that high salt tolerance is genetically 

controlled in E. occidentalis. Provenances originate from districts with distinct soil 

conditions and rainfall, so it is perhaps unsurprising that variation exists given they are 

derived from adaptive characters developed over a long period of time (Lowe et al., 

2004). Plant survival, a critical trait under salt (Hollington, 1998) could not be assessed 

for heritability value, due to the limited number of individuals per family. Inheritance of 

survival under salt needs further examination perhaps using fewer families but with 

treatment repetitions and a larger number of replications.  

After survival, the next most valuable trait for timber production is height  (Zobel 

and Talbert, 1984; Martin and Ek, 1990). Tall genotypes should only be selected when 

plant survival rate at family level is acceptable. Confirmation of the tallest E. 

occidentalis families at an appropriate mature stage is required to ensure that this trait is 

maintained. Height in Eucalyptus is associated with potential growth, generating 

harvestable tree volumes and hence commercial timber value (Eldridge et al., 1993; Luz 

et al. 1996; Dickinson et al. 1996). It is an easy, cheap and reliable measure to assess an 

important trait for forest breeding, especially when thousands of individuals are being 

selected.  It was also an essential trait for screening E. occidentalis under salt. However, 

stem straightness and forking that potentially affect pulp, poles and timber quality 

(Blakemore et al. 2004) need to be evaluated as important traits before the rotation age. 

The maximum salt level that E. occidentalis can tolerate for its whole life cycle or 

rotation age is not certain. The highest concentration of salt used in the experiments was 

550 mM, or around sea salt level. Whilst this was important to screen and differentiate 

trees, it may not be appropriate for growing trees in the field, as they may not live long 

enough to reach harvest.  Salt avoidance or adaptations in the field were also not 

investigated (Zobel and Talbert, 1984; Lambert and Turner, 2000). These controlled 

high salt levels however, were successful in differentiating performance among parents 

and offspring.  The results indicated that E. occidentalis could survive, at least for short 

periods of time, at 550 mM salt. In the field, trees survived far higher salt levels up to 

>1420 mSm-1 salinity (considered high by Marcar and Crawford, 2004) for 33 months, 

although tolerance to salt in the field may have interacted with other environmental 

factors (Hollington et al., 1998).  These ranged from bird damage to complete plant 

submergence. In saline field trials, plants accumulate salt over time (Flowers and Yeo, 

1986; Allen et al., 1994a).  Therefore, assessments need to be carried out at an 

appropriate age representing rotation. This estimation is complex and misleading and 

related to many variables including growth rates and locations.  Most Eucalyptus 
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plantings are managed for short rotation (5 - 15 years) when used for firewood, poles, 

posts and pulp, while longer rotations are required for timber production (Eldridge et 

al., 1993). Significant juvenile-mature, or age to age correlations are expected to 

determine the appropriate age for final assessment.  Assessment at half rotation age is 

suggested for Eucalyptus (Eldridge et al., 1993). Evidence of strong juvenile-mature 

correlation between 2.5 and 15 years is revealed in two high-performance E. 

camaldulensis provenances on a dry site in Zimbabwe (Eldridge et al., 1993).  Such 

correlations need to be further investigated for particular E. occidentalis selections 

under salt. To optimize yield or the effect on ecosystems, it is also essential to establish 

a standard forestry practice for planting E. occidentalis trees under saline conditions.  

This can include standardised stem densities (Maas, 1996; Lambert and Turner, 2000) 

pruning regimes (Lorimer, 1990) and soil amendments such as gypsum and fertiliser 

(Abou –Hadid, 2003).  

Techniques investigated for E. occidentalis to support deployment of selected 

genotype materials (Chapter 5) indicated a ready means for mass propagation of 

selected tolerant individuals through seeds and clones.  Enhanced seed quantity can be 

achieved through artificial environments and plant growth regulator treatments while 

optimized seed quality can be obtained through synchronized flowering of neighbouring 

superior, yet diverse genotypes.  Establishment of clonal seed orchards is possible using 

scions from superior mature trees and clones exactly resembling selected genotypes can 

be developed through cutting plantations. These should speed up genetic gain, breeding 

processes and deployment (Reid et al., 1995; Moncur, 1995, 1998). 

Paclobutrazol and light were effective in hastening and enhancing first flowering. 

Random flowering occurred when treatments were applied to juvenile plants, but 

combined treatments resulted in a 20-fold increase in flower buds over controls. Further 

dose response experiments may be required to optimize paclobutrazol concentration and 

time of application.  Ideally this treatment would be applied to clonal orchards derived 

from cuttings or grafts to optimize production of superior seeds. This shortens the 

reproductive cycle; speeding up the time required for breeding and testing (Zobel and 

Talbert, 1984).  

Evidence was gathered on flowering period and this differed between 

provenances. Some provenances flowered for similar durations, while others flowered 

with shorter or longer.  Flowering synchronies between families need to be considered 

for the orchard site where surviving genotypes were planted. This is useful information 

for scheduling controlled crossing and management of seed harvesting. Synchrony of 
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flowering between provenances will affect insect pollination and hence cross-

fertilisation and production of outcrossed seeds (Gibson et al., 1983). Some genotypes 

are more fecundant than others, significantly influencing seed yield (Sedgley and 

Griffin, 1989). For provenances with low seed yields, deployment options using asexual 

propagation will be beneficial.  

The wide range of graft success for E. occidentalis is beneficial in that some 

genotypes can be matched to produce successful graft unions.  Highly salt tolerant E. 

occidentalis families performed better than susceptible families. Success in grafting 

from mature trees presented here, will be advantageous for using scions from tested 

tolerant families. As grafting success depends on genetic compatibility, closely related 

rootstock-scion is preferable (Eldridge et al., 1993, Hartmann et al., 1990). Whilst graft 

success is important early after grafting, later age assessment will be required as 

incompatibility may take many years to eventuate. Grafts can be examined 

histologically to ensure interlocking between stock and scion cells (Hartmann et al., 

1990). Further examination is also required to find the best, most compatible rootstock 

genotypes for superior salt tolerant scions.  

Cuttings can be produced from E. occidentalis. The successful result obtained here 

using 8.5 month old mother plants necessitates investigation of cutting production from 

older plants.  Older trees are less able to produce rooted cuttings, but modification with 

wounding to adult trees to produce epicormic shoots for easily rooting cuttings has been 

possible for Eucalyptus (Eldridge et al., 1993). Seedlings grew better than cuttings but 

this was influenced very much by genotype, roots and vigour (Chapter 5). Root 

production must be increased as cuttings are deployed. Among the benefits of 

vegetative propagation is uniformity, which is beneficial for flowering, cross-pollination 

between multiple trees of selected genotypes, seed set and seed harvesting. Clonal 

replication speeds up breeding, compared with family seed as traits are exactly 

replicated and not diluted, maintaining the salt tolerance of selected genotypes for seed 

production (Zobel and Talbert, 1986).  

There is evidence that clones grown from selected genotypes under salt 

conditions, perform similarly or even better than open pollinated seedlings (Bell et al., 

1994; Moris, 1995). In E. occidentalis cutting production is possible, although high 

performance of cuttings was associated with root length.  To successfully compare 

performance between cuttings and seedlings, propagation methods can be improved by 

deciding the best age of the mother plants, stimulating root production hormonally, and 

through proper handling before planting (Zobel and Talbert, 1986; Sasse and Sands, 
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1997). Mini cutting has also been developed for Eucalyptus by CSIRO with 80-90% 

success (unpublished cited in Bush et al., 2007), indicating promise for routine 

establishment of clonal forestry (Harwood et al., 2005).   

Highly tolerant genotypes can often be determined by their ability to exclude 

sodium and chloride and this is usually evaluated by examining specific ion contents in 

leaves (Blum, 1988; Munns, 2002). Following exposure of seedlings and cuttings of 

highly tolerant and susceptible families to 500 mM salt (Chapter 5), there were no 

differences in sodium and chloride between them, although there was a trend that taller, 

more tolerant seedlings had fewer ions than shorter, less tolerant genotypes. Faster leaf 

senescence usually occurs in genotypes with higher Na+ uptake (Munns, 2002) but 

again there was no different between the highly tolerant and susceptible families.   

There is similarity in proportion of leaf retention in E. occidentalis, but the initial 

number of leaves was higher in high salt tolerant families. In addition, highly tolerant 

Eucalyptus occidentalis families had 75% higher survival and were 65% taller with a 

trend for longer total root length. The trend of lower ion content in salt tolerant E. 

occidentalis, maybe due to different degrees of salt uptake control by roots (Munns et 

al., 2002). However it is possible that highly tolerant families had more older leaves to 

begin with, or more tissue to buffer ion accumulation (Rees, 2000) thus maintaining 

more healthy leaves throughout growth. In Eucalyptus there are often no clear trends in 

Na+ exclusion and sequestration. No distinction occurs between highly tolerant E. 

occidentalis and moderately tolerant E. camaldulensis, although they are superior to the 

sensitive species E. triflora and E. cameronii which  have nearly triple the sodium and 

chloride content (Marcar, 1989; Marcar and Crawford, 2004). In crops such as barley, 

ion content is not useful for screening (Isla et al., 1997). Sodium and chloride content 

may not be a useful selection criteria for E. occidentalis.  

Analysis of genetic diversity using microsatellites showed that the genetic 

diversity of E. occidentalis is high at a species and provenance level with relatively 

moderate diversity at family levels.  In the short term, selection of provenances for salt 

and/or waterlogging tolerance, would maintain diversity when the two most tolerant 

provenances, Red Lake Siding and Grass Patch, were used for further breeding, since 

37% of the genetic diversity was retained. Generally, forest trees have undergone less 

exploitation of genetic resources than crop plants (Guries, 1990).  Inter-provenance 

crossing might capture more genetic differences and would not adversely affect viability 

(Nikles and Griffin, 1992). However, it is still essential to consider genetic distances 

between individual parents in E. occidentalis, since crosses between different 
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provenances indicated that the most genetically distant parents produced the best 

performing offspring. The negative effect on fitness in offspring derived from closely 

related parents indicates an effect of inbreeding and is consistent with natural 

outcrossing, which is high in this species (Byrne, 2004).  

Appropriate gain with 20% selection (48-50 individuals) from total individuals 

that gave 8% gain in height under salt-waterlogging conditions and 14% gain in height 

in field testing, may be appropriate (Zobel and Talbert, 1984). It would be desirable to 

maintain 50 individuals for short term conservation of genetic variation (Franklin, 1980; 

Soule 1980). For long term breeding, infusions of new genotypes are always expected in 

the breeding cycle (White, 1987).  A potential provenance, Bremer Bay (which showed 

tolerance at 300 mM salt) may increase diversity if it was determined to be highly salt 

tolerant under 550 mM salt.  Therefore, this provenance is worth investigating at higher 

salt concentrations.  Screening for breeding potential conducted here in E. occidentalis 

has maximized the possible diversity (25 provenances) available from throughout E. 

occidentalis natural distribution. The possibility of interspecies hybrids should also be 

investigated, such as hybrids with E. camaldulensis which give better stem form, as this 

opens the possibility of obtaining heterosis. Evidence of outstanding performance of 

hybrids produced from Acacia mangium and A. auriculiformis along with Eucalyptus 

grandis and E. urophylla are good examples of hybrid vigour (Nikles and Griffin, 1992; 

Eldridge et al., 1993).  Vegetative propagation in order to cope with sterility (Williams, 

1987) (which occurs often in hybrids) needs to be investigated further. 

Controlled crossings with the ‘one stop pollination’ method combined with style 

cutting proved suitable for E. occidentalis (Chapter 6). Crossing between all low x low, 

low x high and high x high salt tolerant combinations to examine inheritance could not 

be carried out due to limited flowers and progeny. This suggests that crossing needs to 

be carried out when stable reproduction occurs, and when there is an appropriate 

amount of flowers.  This is likely to be later than the first two flowering seasons, when 

plants are still in the gradual transition to reproduction (Kriedemann, 1968; Sedgley and 

Griffin, 1989). High E. occidentalis capsule drop occurred in June-July, which is similar 

to June drops common in fruit trees. This suggests that June-July might also be the 

defining period of self regulation in natural capsule abscission of E. occidentalis, and 

this is useful information when carrying out artificial crossings. However this is likely 

to vary in different environments, and needs further investigation. 

In conclusion, selection for salt and waterlogging tolerance in E. occidentalis has 

provided breeders with genotypes for further genetic improvement.   Several advances 
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have been made; light and paclobutrazol stimulated flowering, and families varied in 

their ability to produce flowers, capsules and seeds. They also varied in their graft 

compatibility and ability to produce cuttings.  Seedlings were better than cuttings for 

screening genotypes. A threshold of high concentration of 550 mM NaCl was required 

to differentiate genotypes. Some provenances, families and individuals were better than 

others for salt and waterlogging tolerance, there was greater resolution of these 

differences between families than provenances, and this character in phenotypic 

performance was inherited. Perhaps most importantly selection for salt and 

waterlogging tolerance was possible, and the selection process caused only a slight 

reduction in genetic diversity. In crosses between selections, fecundity and offspring 

fitness were affected by parental genetic distances but distance could be monitored with 

microsatellite markers and therefore controlled.  Advances were made in height, a 

critical character for timber production and this was highly inherited under salt 

waterlogged screening.  
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