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Abstract 

This thesis studies quantitative genetic variation in the forest tree, 

Eucalyptus globulus. It examines the effects of inbreeding and 

hybridisation on fitness, as well as genetic variation in breeding traits 

using an extensive base population and a diallel of intra- and inter-race 

reciprocal crosses. 

Marked post-zygotic barriers to hybridisation occurred between E. 

globulus and E. ovata, with F1 hybrids exhibiting high field mortality. 

Inbreeding similarly had deleterious effects, but by 10 years F1 survival 

was less than the selfs. Relative hybrid fitness is dependent on 

inbreeding levels of parental population. Open-pollinated (OP) progenies 

also exhibited growth depression compared with outcrosses, clearly 

indicating significant inbreeding is occurring under this mating system. 

Genetic variation was examined in a base population of E. globulus 

established on four sites in Argentina. This population included OP 

progenies from native stands and land races. Thirty variables were 

studied, representing growth, bark thickness, form, transition to adult 

foliage and Pilodyn penetration, and used to determine population 

affinities. Significant genetic differentiation occurred between populations 

in most traits. Land races had closer affinities to native stands from 

southern Tasmania. Many native populations were superior in growth to 

land races, but land races had better form. 

Significant genetic variation was also detected within E. globulus 

populations. Heritabilities were low for forking, survival and form; 

intermediate for growth and bark thickness; and high for Pilodyn 

penetration and transition to adult foliage. There was strong positive 

genetic correlation between the same trait measured at different sites and 

ages. Growth traits were genetically independent from other key breeding 

traits. 

Genetic parameter estimates from OP progenies may be bias-ehy 

inbreeding depression, as well as specific combining (SCA), maternal and 
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carry-over effects. The effects of such factors on growth were examined 

using a diallel mating amongst eight trees from two E. globulus races. 

Rapid germination and large seeds resulted in larger seedlings in the 

nursery, but these carry-over effects disappeared after two-years field 

growth at two Tasmanian sites. Additive and SCA effects were 

insignificant at this age, but the interaction between males and females 

was significant, with reciprocal inter-race hybrids differing in 

performance. Parents differed in chloroplast haplotypes and this is the 

first evidence for cyto-nuclear interactions affecting growth of a eucalypt 

species. Such reciprocal effects could bias genetic parameters and mean 

the cross direction may be important to maximise gains from mass 

controlled pollinated seed production systems being developed. 
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The format of presented Chapters 

Most Chapters of this thesis have been or are in the process of being 

published as scientific papers in international journals. Whilst each 

Chapter retains the structure of the scientific paper, the following 

changes have been made to enhance the flow of this thesis: 

• Bibliographies have been removed and aggregated to a single 

bibliography at the end of the thesis; 

• Abstracts and general acknowledgments have been removed; 

• Tables, figures and equations have been renumbered with the 

Chapter number, e.g. Table 4 in Chapter 3 has been renumbered 

as Table 3.4; 

• Cross-references to published scientific papers which are 

contained as Chapters in this thesis have been changed to the 

relevant Chapter reference, e.g. "Lopez et al. (2000)" has been 

changed to "Chapter 2" 

• Minor changes have been made to the text to support the changes 

described above and to maintain the general flow; and 

• The contributions of the authors to the research presented in each 

Chapter are specifically acknowledged at the end of each Chapter 

as appropriate. 

Each Chapter of this thesis has been presented such that it stands alone 

as a report of scientific research. 
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Chapter 1 
General Introduction 

1.1 A tree with history 

The Tasmanian blue gum is more than the floral emblem of the 

Tasmanian state of Australia, but is also one of the most important 

pulpwood plantation species in the world (Eldridge et al. 1993). It is a 

forest tree with a native range in Tasmania and coastal regions of south-

eastern Australia (Jordan et al. 1994). It is variously given specific 

(Eucalyptus globulus; Labillardiere 1799, Brooker 2000) or sub-specific 

status (E. globulus ssp. globulus; Kirkpatrick 1975). For consistency 

through this thesis it will be referred to as the species Eucalyptus 

globulus following the most recent taxonomic revision (Brooker 2000). 

The gene pool is highly differentiated across its geographic range 

(Dutkowski and Potts 1999) as well as on a local scale (Jordan et al. 

2000). The taxon also intergrades with the closely related taxa, E. 

bicostata and E. pseudoglobulus, over extensive areas of continental 

Australia (Jordan et al. 1994) and some of these intergrade populations 

are important components of breeding programs (Dutkowski and Potts 

1999; Jones et al. 2001). 

While E. globulus is native to Australia, major land races can now be 

found on most continents, many of which are believed to be derived from 

a narrow genetic base (Poynton 1979; Eldridge and Griffin 1990; Eldridge 

et al. 1993). E. globulus was the first eucalypt to be widely known 

outside of Australia (Jacobs 1981). The species was introduced into 

France in 1804 shortly after its description in 1799 by Labillardiere, and 

France was a country that played an important role in the early 

distribution of the species across the world (Zacharin 1978). The 
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historical process of human distribution and cultivation of the taxon can 

be separated into three main stages according to utilization. The first 

dispersal of this species was around the beginning of the 19th century 

due to its popularity as an exotic, ornamental tree for aesthetic purposes 

as well as interest in the tree due to the large size of trees in native 

stands. It was initially believed to be the tallest tree in nature, and there 

was interest in its potential use for naval construction, specifically ship's 

masts. Rapidly enthusiasm was overwhelmed by the low survival under 

severe central European winter conditions (Doughty 2000). The second 

major wave of dispersal followed the interest of people to grow E. globulus 

trees for the health benefits as the species was believed to have curative 

properties for fever diseases such as malaria. By the mid 1800's, 

plantings were well established in southern Europe and Northern Africa, 

Chile, California and India (Penfold and Willis 1961; Navarro and Vecchi 

1920; Jacobs 1981). In this second stage, the cultivation of E. globulus as 

an exotic was successful in regions with a more temperate climate, 

however the healthful reputation was scientifically dubious. The last 

phase of dispersal was due to interest in industrial applications for the 

wood (i.e. mine poles, charcoal), with the most contemporaneous major 

application being its use in pulp and paper manufacture. 

Currently, E. globulus is the premier pulpwood Eucalyptus species and is 

grown in plantations in many temperate countries around the world 

(Eldridge et al. 1993). There is more than 1.7 million hectares of the 

species planted in temperate regions world-wide (Tibbits et al. 1997). It is 

the main eucalypt species cultivated in Portugal, with the forest estate 

estimated at 60,000 ha by 1961 (Penfold and Willis 1961), 430,000 ha by 

1988 (Eldridge et al. 1993) and 550,000 ha by 1997 (Tibbits et al. 1997). 

Spain has a similar size estate estimated to be 390,000 ha in 1988 

(Eldridge et al. 1993). 

Eucalyptus globulus was also rapidly introduced into South America. Two 

early introductions into Chile have been recorded: 23 plants of unknown 

origin in 1823 (Navarro and Vecchi 1920; Jacobs 1981) and more 

material originating from France in 1838 (Navarro and Vecchi 1920). An 

extensive forest base was rapidly developed in the early 1900's as a 



Chapter 1 - Introduction 	 Page 3 

source of timber (for pit props), firewood and charcoal (Penfold and Willis 

1961). Bernath (1940) notes that the E. globulus plantations established 

in the vicinity of Lota (VIII Region, Bio-Bio) were amongst the largest 

plantings of eucalypts in South America (except for those in Brazil). By 

the 1960's, the plantation estate in Chile was estimated at 44,561 ha 

(Penfold and Willis 1961) and by 1997, 283,000 ha (Vergara and Griffin 

1997). 

Eucalyptus globulus was the first eucalypt introduced in Argentina, 

where it was planted on farms in the Buenos Aires province in 1857 

(Penfold and Willis 1961; INTA 1995). It was subsequently tested 

throughout the country but was only found to be well adapted to the 

region south-east of Buenos Aires between Mar del Plata, Balcarce and 

Necochea (Golfari 1985). Although E. globulus is only a minor component 

of the eucalypt estate in Argentina (Eldridge et al. 1993), there is now 

increasing interest in expanding this estate (Lopez et al. 1997). 

1.2 A breeding species 

Eucalyptus globulus is in various stages of domestication in many 

countries such as Australia (Tibbits et al. 1997), Chile (Sanhueza and 

Griffin 2001; Gutierrez et al. 2001), China (Zang et al. 1995), Portugal 

(Araujo et al. 1997), Spain (Soria and Borralho 1998), Uruguay (Balmelli 

et al. 2001) and Argentina (as presented in this thesis). Genetic 

improvement of E. globulus commenced in the late 1960's with small 

breeding programs in Portugal and Australia, but most programs 

commenced in the late 1980's or early 1990's (Orme 1977; Tibbits et al. 

1997). A main focus of early programs was the screening of a major 

provenance collection undertaken in 1975-76 (Orme 1977; Volker and 

Orme 1988). By the late 1980's, major breeding programs for the pulp 

and paper industry had commenced in many countries around the world, 

such as Australia (Tibbits et al. 1997), Chile (Vergara and Griffin 1997), 

Portugal (Aranjo et al. 1997) and Spain (Vega Alonso et a/. 1994). The 

overseas programs were either based on selections derived from land 

races or more recent introductions of Australian native stand seed 

collections undertaken, for example, by Orme (1977) (e.g. Portugal - 

Almeida et al. 1995, Miranda et al. 2001) or the CSIRO Australian Tree 
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Seed Centre (Gardiner and Crawford 1987; 1988) (e.g. Chile - Infante and 

Prado 1991; China - Zang et al. 1995; Portugal - MacDonald et al. 1995; 

Spain - Vega Alonso et al. 1994, Soria et al. 1997). In many cases, native 

stand re-introductions are seen as a way to more rapidly improve the 

genetic quality of plantations (Eldridge et al. 1993) and new base 

population material is being screened for merging with land race 

selections (e.g. Vergara and Griffin 1997; Arafijo et al. 1997). 

1.3 Main issues addressed 

This PhD project aimed to improve the knowledge of the quantitative 

genetics and breeding of E. globulus, with a focus of this research being 

the efficient exploitation of a base population established in Argentina. 

The first objective of this thesis was to understand further the breeding 

system of the species and the potential impacts of inbreeding and 

outbreeding on performance. Chapter 2 examines pre- and post-zygotic 

barriers to hybridisation between two species of Eucalyptus, E. ovata and 

E. globulus. The success of selfing, open-pollination and intra- and 

interspecific cross pollination of both species is examined and the relative 

effects of inbreeding and hybridisation compared from seed set to ten-

year's growth in a field trial. 

The second aim of the thesis was to assess genetic diversity in a 

predominantly open-pollinated base population established in Argentina 

for breeding and deployment purposes. The rate of germplasm exchange 

between breeding and deployment programs around the world is 

increasing. It is therefore important to know the origin and 

characteristics of land race material and how it compares with native 

stand provenances. E. globulus land race material subject to varying 

levels of artificial selection have been compared to unselected native 

stand provenances in trials in many countries (Australia - Volker and 

Orme 1988; Chile - Infante and Prado 1991; China - Zang et al. 1995; 

Portugal - Almeida et al. 1995; Spain - Vega Alonso et al. 1994). A key 

issue is whether such land races have differentiated from native stand 

material under the influence of natural or artificial selection in their new 

environment. In Chapter 3, the patterns of variation in a new collection of 

native stand seed lots of E. globulus and intergrade populations grown in 
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four Argentinian trials were examined. Also the quantitative genetic 

affinities and relative performance of land race selections from Portugal, 

Spain, Chile and Argentina in the same trials was determined. Dutkowski 

and Potts (1999) classified native E. globulus and intergrade populations 

into 13 races and 20 subraces. A single subrace per race was represented 

by the localities sampled in the present study and was used as a fixed 

effect to account for genetic groups in the estimation of genetic 

parameters (Chapter 4). The choice of subrace in the model allowed 

strong inference at this level of genetic grouping. 

Genetic parameters are required to optimise breeding and deployment 

strategies, as well as estimate breeding values and gains from selection 

(White 1996; Borralho 2001). To determine the response to selection, it is 

important to know how much of the phenotypic variation in a given trait 

is under genetic control (heritability). It is also important to understand 

the extent to which the expression of the genetic variation is stable across 

different ages (age to age genetic correlations) and different sites (as an 

indication of genotype x environment interaction), as well as the genetic 

correlations existing amongst different traits to predict the response to 

selection in a multivariate sense (Falconer and Mackay 1996). 

Most studies of genetic parameters in E. globulus have focused on growth 

(e.g. Potts and Jordan 1994b; Borralho et al. 1995; Hodge et al. 1996; 

Balmelli et al. 2001) and its association with a few key traits such as 

survival (Chambers et al. 1996), wood density (Borralho et al. 1992b; 

MacDonald et al. 1997; Muneri and Raymond 2000), flowering precocity 

(Chambers et al. 1997), form (Volker et al. 1990) and vegetative phase 

change (Ipinza et al. 1994; Jordan et al. 2000). These studies differ in 

analytical technique, statistical model, genetic material studied and/or 

test environment. 

Chapter 4 reports the genetic parameters for the first pedigreed E. 

globulus trials grown in Argentina. These trials combine both native stand 

seed lots from Australia and land race material from around the world to 

construct a large base population for breeding this species in Argentina 

(see Chapter 3). The level of genetic control and genetic correlations for 

eight traits covering growth, wood density, form, bark thickness and 
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vegetative phase change were examined. The expression of genetic 

variation in these traits is examined across four sites as well as the 

change with age up to four years of age. 

The quantitative genetic parameters estimated in Chapter 4 have been 

applied in the Chapter 5 of this thesis to estimate the genetic merit of 

material in the base population and allow thinning of one of the trials for 

conversion to an open-pollinated seed orchard. Chapter 5 adopted a 

multivariate approach to re-estimate genetic parameters and the 

development of a combined selection index. The Chapter is based on both 

a technical report prepared for INTA and conference proceedings paper. 

Selection index coefficients for multi-trait selection were defined using a 

pulpwood breeding objective and a first generation breeding population 

characterised. 

As most eucalypt species are only in the early stages of domestication, 

the majority of the genetic parameters reported to date are derived from 

open-pollinated progeny trials (Eldridge et al. 1993; Potts and Wiltshire 

1997) and E. globulus is no exception. The accuracy of these parameter 

estimates has been questioned, particularly for growth (Griffin and 

Cotterill 1988; Potts et al. 1995). Heritability for growth estimated from 

open-pollinated progenies can be inflated and not reflect the true additive 

genetic variation amongst parents where the expression of inbreeding 

depression is variable (Hodge et al. 1996). Such differences may also be 

due to not accounting for non-additive genetic effects (i.e. maternal or 

specific combining ability). Non-random outcrossing with a few male 

parents may thus also bias breeding values derived from open-pollinated 

progeny. Indeed, the specific combining effects for growth in E. globulus 

appear to be relatively high, at least comparable to additive genetic effects 

(Hodge et al. 1996; Vaillancourt et al. 1995; P. Volker unpublished data). 

Most E. globulus breeding programs are moving to controlled pollinated 

assessment after first generation improvement, stimulated by the 

development of new single-visit pollination procedures (Harbard et a/. 

1999; Williams et al. 1999). Such full pedigree control will allow more 

accurate estimation of genetic effects and the possibility of separating 

additive from non-additive genetic effects. There is little information 
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available about the comparative significance of additive and non-additive 

effects and no details of what part of these non-additive effects are due to 

dominance, maternal genetic or maternal non-genetic effects. Chapter 6 

is the first report of a diallel mating with reciprocals in this species and 

one of only a few in eucalypts and examines how maternal effects are 

expressed in germination and early age height growth. 

Chapter 7 presents a general summary and the key conclusions from this 

thesis. The unified bibliography is after all Chapters. 
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Chapter 2 
F1  hybrid inviability in Eucalyptus: The case of 
E. ovata x E. globulus 

This Chapter has been published as: 

Lopez GA, Potts BM and Tilyard PA (2000). F t  hybrid inviability in 

Eucalyptus: The case of E. ovata x E. globulus. Heredity 85 (3) pp 242-250. 

2.1 Introduction 

Eucalypt species are well known for their weak reproductive barriers 

(Potts and Wiltshire 1997). However, the number of natural hybrid 

combinations recorded is relatively low given the opportunities for 

hybridisation between sympatric taxa in nature (Griffin et al. 1988). The 

extent of natural hybridisation varies depending upon numerous factors, 

including the degree of taxonomic and spatial separation, flowering 

synchrony, flower size and hybrid fitness (Griffin et al. 1988; Ellis et al. 

1991; Gore et al. 1990). While there are many studies of natural 

hybridisation in the genus (reviewed in Griffin et al. 1988; Potts and 

Wiltshire 1997) only a few address hybrid fitness (e.g. Drake 1981; Potts 

1986). However, these fitness studies suffer from a poor knowledge of 

hybrid pedigree as identification is morphologically based (Arnold 1992). 

Studying the fitness of artificial hybrids with common environment trials 

is one solution, yet with tree taxa there is a paucity of detailed, long-term 

studies. 
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The relative fitness of hybrids and their parental taxa may be habitat 

dependent or determined by endogenous factors such as genomic 

incompatibilities which result in hybrids being less fit than parent taxa 

in all environments (Levin 1978; Arnold 1997; Emms and Arnold 1997). 

A key endogenous factor that has received little attention is the 

inbreeding level of parental species. This is particularly important for 

plants with mixed mating systems (e.g. Eucalyptus; Hardner and Potts 

1995) and in small populations, where natural interspecific hybrids may 

compete with inbred pure species progenies. The present study 

examines pre- and post-zygotic barriers to hybridisation between two 

species of Eucalyptus, E. ovata Labill and E. globulus Labill, aimed at 

explaining the rarity of their hybrids in nature. This Chapter reports the 

success of selfing, open-pollination and intra- and interspecific cross 

pollination of both species and compares the relative effects of 

interspecific hybridisation and inbreeding on fitness from seed set to 

ten-year's growth in a field trial. 

Eucalyptus globulus and E. ovata are forest trees from different series 

(subgenera Symphyomyrtus; section Maidenaria; series Viminales and 

Ovatae respectively; Pryor and Johnson 1971) which differ markedly in 

flower morphology and size (Gore et al. 1990). Like most eucalypts, E. 

globulus has a mixed mating system, is pollinated by a variety of insect 

and bird taxa (Hingston and Potts 1998) and exhibits extreme inbreeding 

depression following selfing (Hardner and Potts 1995). There is no 

information on the breeding system or effect of inbreeding on E. ovata. 

Natural hybridisation between E. globulus and E. ovata would be 

expected as they exhibit extensive overlap in geographic ranges and 

flowering time on the island of Tasmania (Williams and Potts 1996). On a 

local scale they occupy different habitats but grow in close proximity in 

ecotones where their crowns may contact, yet hybridisation is rare 

(Williams and Potts 1996). Putative F 1  hybrid seedlings have not been 

observed in open-pollinated progenies of E. globulus but occur at a rate 

of c. 1% in open-pollinated progenies of E. ovata sampled within c. 500m 

of E. globulus (unpubl. data). Natural hybrids in mature stands are 
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restricted to rare, isolated trees or small, localised patches of hybrids in 

ecotones (e.g. McAulay 1937). 

2.2 Materials and Methods 

2.2.1 Crossing design 

Three types of intraspecific controlled pollinations (assisted outcrossing, 

assisted self-pollination, unassisted self-pollination), interspecific F1 

crosses, as well as open-pollinated (OP) controls were undertaken using 

23 (13 used as females for controlled crossing) E. globulus and 12 (5 were 

used as females for controlled crossing) E. ovata trees as parents. The 

numbers of crosses and families produced for each cross type are given 

in Table 2.1. The pollen used for intraspecific outcrossing or interspecific 

F1 hybridisation was derived from: (i) a mixture of pollen from 5 E. 

globulus trees (polymix); (ii) a mixture of pollen from 5 E. ovata trees 

(polymix); or (iii) single pollen collections. In each case, the pollen was 

collected from trees that were unrelated to the female parents. Crossing 

methodology, seed traits, germination and nursery procedures are 

detailed in Hardner and Potts (1995). 

Table 2.1- Number of parents involved in the mating design, crosses done 
and number of families and seedlings planted in the nursery and field trial. 

Parents Crosses 
Nursery Field trial 

Families Seedling Families Seedling 

E. ovata 
Self 6 6 6 96 6 35 
OP 5 5 12* 415 12 206 
Outcross 9 14 14 647 14 216 
F, 10 10 10 452 10 111 

E. globulus 
Self 13 13 12 207 11 116 
OP 20 20 20 656 20 284 
Outcross 23 31 27 628 26 282 
F 1  18 28 0 0 0 0 

TOTAL 104 127 104 3101 99 1250 

* Includes additional open-pollinated families from pollen parents 
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2.2.2 Seed set, germination and nursery growth 

Cross success was assessed based on the number of viable seeds per 

capsule, the number of viable seeds per pollinated flower and seed 

viability (the ratio of viable seeds to total seeds). Controlled germination 

tests were undertaken at 22° C with seeds that were classified on 

appearance as viable. Each seedlot (family) was partitioned into 2 

separate Petri dishes containing a maximum of 20 seeds which were 

allocated to 2 randomised blocks within the germination chamber. Selfed 

seed from unassisted and assisted self-pollination treatments were 

pooled into a single seed lot at this stage. The proportion of seed 

germinated and the mean time to germination of each seedlot was 

calculated. After 25 days, healthy germinants were planted into 

individual pots and maintained in family plots in a greenhouse. After 4 

months, plants were transferred outdoors for hardening and at age 6 

months, just prior to setting up the field trial, the number of runts 

(dwarfs and plants with extremely poor vigour), unhealthy and healthy 

plants were assessed. Family arrangement within the greenhouse and 

nursery was randomised with respect to cross type. 

2.2.3 Field Trial 

A field trial was established in 1988 near Ridgley in north-western 

Tasmania (lat 410 10' long 145 0 46') with healthy 7 month old plants 

from the nursery. There were five replicates, containing 5 sub-blocks: (i) 

OP (GLop) and outcrosses (GLxGL) of E. globulus (ii) E. globulus selfs 

(GLself), (iii) OP (0Vop) and outcrosses (0Vx0V) of E. ovata (iv) E. ovata 

selfs (0Vself) and (v) E. ovata x globulus F 1  hybrids (0VxGL). This sub-

blocking was chosen to minimise competition effects between progenies 

from markedly different cross types. Within each sub-block, families were 

allocated randomly to plots of three trees. Trees were planted at 3m x 3m 

spacing. The trial included a total of 1250 initial trees without buffers. 

Stem diameter (D) was measured on surviving plants at 0.1 meters above 

ground level at 1 and 2 years (8 and 19 months) and at 1.3 metres above 

ground level at 4 and 10 years of age (43 and 118 months). These data 

were used to calculate stem basal area (D 2  x E / 4) for each tree and the 

proportion of planted individuals alive per sub-block. All surviving trees 

were assessed for flower buds and capsules in October 1991 (age 3 
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years), May 1992 (4 years) and April 1993 (5 years) and the percentage of 

reproductive trees in each sub-block calculated for each cross type. At 

age 4 years, all trees with sufficient numbers of reproductive buds were 

monitored for flowering time at monthly intervals from April 1992 to May 

1993. At each assessment the percentage of the current season's bud 

crop which was flowering was visually estimated. 

2.2.4 Statistical Analysis 

The five types of pollination undertaken on each E. ovata female tree 

were compared for seed set (viable seed per capsule and per flower) in a 
one-way analysis of variance based on the log transformed values for 

each tree. Seed set results for E. globulus were compiled from Hardner 

and Potts (1995). All other one-way analyses of seed or nursery traits 

compared the 7 'cross types based on individual tree averages for each 

female. Proportional data was arcsine transformed prior to analysis. As 

cross types were arranged in sub-blocks within replicates in the field 

trial, they were compared in one-way analyses of variance based on cross 

type means or proportions for each replicate. In all analyses of cross type 

differences, contrasts were undertaken to specifically compare: (i) the 

parental taxon under outcrossing; (ii) the selfs and outcrosses within 

each taxon; (iii) the F1 hybrid against the mid-parent value derived from 

the outcross treatment for each parental taxon and (iv) the F1 hybrids 

against the open-pollinated progeny of E. ovata. The level of inbreeding 

depression (ID °/0) due to either selling or open-pollination was calculated 

as: 

ID% = 100*(Xnut - - —Xi--bred) I- —_,X^ut 

where )(mit  is the mean for the controlled outcrosses and Xinbred is the 

mean for inbred progenies (self- or open-pollinated). Outbreeding 

depression was measured in a similar manner as deviation below the 

average of the E. ovata and E. globulus outcrosses. Where traits were 

transformed prior to analysis, the depression was calculated using back-

transformed means. All analyses were undertaken with the PROC GLM 

procedure of SAS (SAS version 6.12) and the Tukey test (P < 0.05) used 

for a posteriori comparisons of cross type means. 



Chapter 2- Hybrid inviability 	 Page 13 

2.3 Results 

2.3.1 Seed set 

Interspecific F1 crosses between E. ovata and E. globulus were only 

successful when E. ovata was used as the female. In this case the 

number of viable seed per flower pollinated was not significantly different 

from controlled intraspecific outcrossing (means of 1.0 and 0.9 viable 

seed/flower for OVxGL and OVx0V respectively). As expected from the 

flower and •capsule size, E. globulus produced more viable seeds per 

flower than E. ovata following open-pollination (GLop 4.7 and OVop 0.9) 

and outcrossing (GLxGL 4.5 and OVx0V 0.9). Self-pollination 

significantly reduced seed set in both species (E. globulus P < 0.01; E. 

ovata P < 0.001), and no significant difference was found between 

assisted and unassisted self-pollination means (1.2 - 1.1 for E. globulus 

and 0.1 - 0.1 for E. ovata respectively). Similar results were obtained 

from the analysis of the number of viable seeds per capsule (GLxGL 8.4, 

GLop 7.0, OVx0V 4.8, OVop 2.1). Assisted and unassisted self-

pollination means did not differ significantly (E. globulus 2.1 and 1.4, E. 

ovata 1.2 and 1.9 respectively) and the number of seed obtained in 

capsules from the interspecific crosses (0VxGL 5.4) was not significantly 

different from intraspecific outcrosses on the E. ovata females (0Vx0V 

4.8). 

Seed viability differed significantly between cross types (P < 0.001). The 

outcross and open-pollinated seed of E. ovata was more viable than the 

corresponding seed of E. globulus, with the F1 hybrid seed intermediate 

(0VxGL 93%), but significantly (P < 0.001) reduced compared to the 

intraspecific outcrosses from the same E. ovata females (Table 2.2). 

Inbreeding significantly reduced seed viability in both species (0Vx0V 

97%, OVop 94%, OVself 80%, GLxGL 92%, GLop 87%, Glself 85%; Table 

2.2). 
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Table 2.2- Effects of F1 hybridisation and inbreeding in E. globulus and E. 

ovata. For each trait, the table shows the percentage and significance of the 

difference between E. globulus and E. ovata for outcrosses (GLizGL vs. 

OVx0V); inbreeding depression following selling in E. globulus (GLxGL vs. 

GLself) and E. ovata (0Vx0V vs. OVself); outbreeding depression estimated 

as the deviation of the Fi hybrid performance from the mid-parent value (Fi 

vs. mp.); and between the Fi hybrid and open-pollinated progenies of E. 

ovata (F1 vs. OVop). ns = not significant; * P < 0.05; ** P < 0.01 and *** P < 

0.001. 

% of depression and significance  
Trait 
	 GLxGL 	GLxGL 	OVx0V 	F 1  vs. 	F' 1  vs. 

	

vs OVx0V vs GLself vs OVself 	mp. 	OVop 

Germination 

Proportion of seeds 
- viable/total -6 *** 8 *** 17 *** 2 * 2 ns 
- germinated/sown -1 ns -1 ns 1 ns 7 * 8 * 

Time to germination(days) a  19 * 10 ns -3 ns -38 *** -51 *** 

Nursery 

Proportion of seedlings, 
- 	planted/germinated 6 * 2 ns -7 * -2 ns 0 ns 
- 	healthy at 1 mth/planted 33 ** 28 ns -27 ns 79 *** 81 *** 
- 	alive at 6 mths /planted 7 ns 9 ns 30 * 46 *** 44 *** 
- 	healthy/alive at 6 mths 16 * 12 ns 10 ns 15 ns 17 ns 

Field trail 

Diameter - 1 year 33 *** 26 *** 40 *** 10 * -27 * 
- 2 years 22 *** 25 *** 42 *** 20 *** -4 ns 
- 4 years 18 ** 27 *** 46 *** 47 *** 35 *** 

- 10 years 13 ns 15 ns 40 ns 4 ns -20 ns 

Survival - 	1 year 2 as 0 as 1 ns 6 ns -4 ns 
- 	2 years 4 as 0 ns 6 ns 7 ns -2 ns 
- 	4 years 2 ns 2 ns 17 26 *** 19 * 
- 	10 years 7 ns 30 ** 43 *** 78 *** 74 *** 

Basal area - 1 year 51 *** 40 *** 57 *** 28 ** -56 ** 

- 2 years 47 *** 41 *** 65 *** 34 *** -29 ns 
- 4 years 33 *** 46 *** 70 *** 70 *** 53 ** 

- 10 years 25 *** 48 *** 79 *** 78 *** 62 *** 

Proportion reproductive 
b 

- 3 years 81 ** -28 ns 100 90 ** 28 ns 
- 4 years 48 *** 20 ns 100 *** 67 *** 11 ns 
- 5 years 17 as 19 ns 86 *** 70 *** 51 as 

a negative values for time to germinate means that more time is required to germinate 
b selfs did not reach reproductive maturity until the fifth year 
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2.3.2 Germination and nursery survival 

The F1  hybrid seed had the lowest percentage germination (92% 

compared with the OVop 100%) and was slower to germinate than all 

other cross types (Table 2.2). No significant differences between the F1 

and parental cross types occurred in the very early stages of growth 

following germination as measured by the proportion of germinants 

transplanted. However, the proportion of planted germinants that 

produced healthy seedlings after one month was significantly (P < 0.001) 

less in the Fi hybrids than the pure species outcrosses. By 6 months, the 

mortality of the F 1  hybrids was nearly three times the rate of the pure 

species outcrosses (survival F 1  44%, GLxGL 86%, GLop 85%, GLself 78%, 

OVx0V 80%, OVop 80%, OVself 78%) (Table 2.2). The proportion of F1 

plants classified as unhealthy (including runts or plants with abnormal 

morphology) at this stage did not differ from the parental species (Table 

2.2). 

2.3.3 Growth and survival in the field trial 

There was no significant difference in the survival of the different cross 

types in the first two years of the trial, but there was for growth (Table 

2.2). E. globulus grew significantly faster (as measured by stem diameter) 

than comparable cross types of E. ovata (Table 2.2). The F1 hybrids were 

intermediate in growth rate in the first year, but by the end of the second 

year their growth started to lag behind outcrosses of both species, with 

their average stem diameter significantly (P < 0.001) below the mid-

parent value of both species (Table 2.2). This poorer performance of the 

hybrids was reflected in significantly lower survival from age 4 years 

onwards and by year 10, only 19% of the F 1  hybrids planted were still 

alive compared with 88% and 82% of the outcrosses and 77% and 71% of 

the open-pollinated progenies of E. globulus and E. ovata respectively. 

The selfed progeny of both species exhibited poorer growth and survival 

than comparable outcrosses with the open-pollinated progenies 

intermediate (Table 2.2; Figure 2.1). Inbreeding depression for the 
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diameter of surviving selfed plants was 40-46% in E. ovata and relatively 

stable with age (Table 2.2). In E. globulus the depression was 25-27% 

over the first 4 years but dropped to 15% by age 10 years, suggesting 

that the selfs that do survive to age 10 years are relatively vigorous. 

When survival is taken into account by calculating the average basal 

area from each tree planted, the level of inbreeding depression from 

selling was markedly higher ranging from 57-79% in E. ovata and 40- 

48% in E. globulus and increased with age (Table 2.2). This inbreeding 

depression compares with the 28-78% outbreeding depression for basal 

area in the F 1  hybrids (Table 2.2). The F 1  hybrids grew better than the E. 

ovata selfs in the first 2 years, but their mortality was higher in 

subsequent years (Figure 2.1). By age 10 years, the average basal area of 

the F 1  hybrids was equivalent to the E. ovata selfs but significantly (P < 

0.05) less than the other crosstypes (data not shown), including the E. 

ovata open-pollinated progenies (Table 2.2). 

0 	  
0 	1 	2 	3 	4 	5 	6 	7 	8 	9 	10 

Age (yrs) 

Figure 2.1- Percentage survival at 1, 2, 4 and 10 years after planting in the 
field of E. globulus (GL) and E. ovata (OV) progenies derived from self-
pollination (self), natural open-pollination (op), intra-specific outcrossing 
(GIArGL or OVx0V) and interspecific hybridisation of E. ovata x E. globulus 
(0VxGL). Proportions were arcsine transformed for analysis and means have 
been back transformed for presentation (n.s. = not significant; ** = P < 0.01; 
*** = P < 0.001). 
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2.3.4 Flowering 

There were highly significant (P < 0.001) differences between cross types 

in the percentage of reproductively mature trees at ages 3 to 5 years 

(Table 2.2). E. globutus was more precocious than E. ovata, but by the 

fifth year there was little difference between the two species (Table 2.2). 

However, at this stage, the proportion of reproductive trees declined with 

increasing inbreeding in both species (only significant in E. ovata) and 

the reproductive success of the F 1  hybrids was markedly less than 

outcrosses of the parental species (Table 2.2). By 5 years of age only 10% 

of the hybrids were reproductively mature compared with 38% and 32% 

of the outcrosses, 41% and 22% of the open-pollinated progenies and 

31% and 5% of the selfs of E. globutus and E. ovata respectively. 

Monitoring of flowering time of reproductive trees at age 4 years indicated 

that the . flowering time of the F 1  hybrids in the trial was asynchronous 

with that of the pure species (Figure 2.2). Flowering commenced in 

October in E. globutus and in September in E. ovata, and both completed 

flowering by February. There was extensive overlap in their flowering, 

although E. globulus peaked 1-2 months earlier than E. ovata. In 

contrast, there was virtually no overlap in the flowering of either species 

with the F1 hybrids which did not commence flowering until February. 
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Figure 2.2- The proportion of reproductively mature trees of E. globulus (n = 
26), E. ovata (n = 15) and their interspecific Fl hybrids (n = 7) which were 
flowering each month in the field trail. Observations were recorded from 
April 1992 to May 1993, when trees were from 4 to 5 years old. No flowering 
occurred between April and August 1992. 

2.4 Discussion 

2.4.1 Pre-zygotic barriers to hybridisation 

There is a strong, unilateral barrier to artificial hybridisation between the 

large-flowered E. globulus and the small-flowered E. ovata. The cross 

fails when E. globulus is used as the female, consistent with the absence 

of Ft hybrids in its open-pollinated progenies. This pre-zygotic barrier is 

probably equivalent to that reported between E. globulus and the small-

flowered E. nitens, where the barrier is structural and due to the pollen 

tubes of the small-flowered species being unable to grow the full length 

of the E. globulus style (Gore et al. 1990). However, artificial 

hybridisation using E. ovata as the female was just as successful as 

outcrossing with unrelated E. ovata pollen suggesting that there is no 

barrier to successful seed set once E. globulus pollen is applied to E. 

ovata stigma through physiological incongruity (e.g. Ellis et al. 1991). The 

low level of putative Ft hybrids observed in open-pollinated seed lots of E. 

ovata therefore must reflect pre-mating barriers, such as localised spatial 
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separation due to fine-scale habitat differences, localised differences in 

flowering time, and/or differing pollen vectors. 

2.4.2 Post-zygotic barriers to hybridisation 

Post-zygotic barriers to F1 hybridisation between E. ouata and E. globulus 

were severe and manifest early in the life cycle. F1 hybrids had reduced 

seed viability, delayed germination and higher mortality after six months 

growth in the nursery compared with outcrosses of either parental taxa. 

Such early expression of F 1  hybrid inviability has been reported in other 

F1 hybrid combinations of Eucalyptus, where early stages in the life cycle 

have been monitored (Tibbits 1988; Potts et al. 1992; Oddie 1996). The 

inviability of the E. ouata x globulus interseries F 1  hybrids appears 

greater than that reported for intraseries hybrids involving E. globulus 

(e.g. E. nitens x globulus Potts et al. 1992; E. gunn(i x globulus Potts 

unpubl. data). However, in the one case of intersection crossing studied 

in detail (E. camaldulensis x globulus), extremely high rates of F1 hybrid 

disfunction were evident over 22 months of nursery growth (72% c.f. <1% 

in pure species controls; Oddie 1996). These results are consistent with 

general observations for increasing hybrid inviability with increasing 

taxonomic distance between parental taxa (Potts et al. 1987; Griffin et al. 

1988). 

There are few studies in forest trees where hybrid fitness has been 

monitored over such a long period. Many studies of Eucalyptus F 1  

hybrids are based only on nursery growth or 1-2 years field performance 

(Tibbits 1988; Potts et a/. 1987; Potts et al. 1992). The present study 

clearly shows how early field growth can give a misleading indication of 

long-term success when forest trees are concerned. The first indication of 

the inviability of the F I's after field planting was at the 4-year 

assessment. By ten years however, hybrid survival was significantly 

reduced even compared with the inbred progenies of either species 

(Figure 2.1). This inviability occurred despite the F 1  hybrids growing in 

separate sub-blocks to the parental controls and not competing directly 

with the more vigorous parental types. Indeed with increasing mortality 

with time, the hybrids were clearly not experiencing the same level of 

intra-tree competition as the other cross types and were growing in an 
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increasingly open, less competitive environment. The present results are 

therefore an underestimate of the inviability of these F 1  hybrids and the 

intense post-dispersal selection that would occur against them in nature. 

2.4.3 Genetic causes of F 1  inviability 

Lethality or semi-lethality of F 1  hybrids after germination has been 

reported in many genera of plants, with hybrid weakness and dwarfs a 

common feature (Levin 1978). The main genetic causes of inviability of 

the F 1  hybrid sporophyte include: (i) genome disharmony and 

incompatible development cues; (ii) the deleterious, complementary 

action of one or a few genes; or (iii) cytoplasmic effects (Levin 1978). 

Incompatible development cues is a possible explanation for the high 

later age inviability of the E. ouata x globulus F i 's as the species differ 

considerably in ontogenetic development. E. globulus is markedly 

heteroblastic retaining a distinctive juvenile foliage type (opposite, sessile 

and highly glaucous) for 2-3 years before producing the more typical 

'adult' foliage (petiolate, alternate, isobilateral and green). In contrast, the 

ontogenetic differentiation in E. ouata is less marked and the transition 

to the petiolate, opposite `adult' leaf type occurs in the first few months of 

growth (after c. 4-8 nodes). 

Deleterious genetic interactions have also been implicated in many cases 

of inviability of F1 hybrids (Levin 1978). Such genes have no deleterious 

effects within a species, probably accumulate as a bi-product of 

divergence, but may cause inviability or sterility in combination with 

genes from another species. There is increasing evidence that such 

deleterious interactions involving dominant complementary genes causes 

F1 hybrid inviability in both plants (e.g. Levin 1978; Christie and Macnair 

1987) and animals (e.g. Palopoli and Wu 1994; On 1995). Deleterious 

epistatic effects involving recessive genes would not affect the F1 

sporophyte generation. Deleterious interactions between alleles from the 

same locus have been implicated in Ft hybrid inviability and sterility in 

several cases (Abbo and Ladizinsky 1994). This mechanism would 

require the species to have different, derived alleles that are incompatible 

with each other in the heterozygous state. 
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F1 hybrid inviability resulting from the deleterious interactions of nuclear 

and cytoplasmic genes has been reported in several plant genera (e.g. Iris 

Cruzan and Arnold 1999), and is often detected by reciprocal differences 

in the frequency of dwarf or abnormal plants (Levin 1978). Such 

reciprocality could not be tested in the present case due to the unilateral 

barrier to the formation of hybrid seed. The chloroplast DNA is highly 

polymorphic within both E. globulus (Jackson et al. 1999) and E. ovata 

(McKinnon unpubl. data) and some coadaption between the chloroplast 

and nuclear genes is possible. However, there is extensive sharing of 

chloroplast haplotypes across species (Jackson et al. 1999), and the 

effect of combining either chloroplast type with a hybrid nuclear genome 

should be no more serious than when intraspecific crossing occurs 

between the different chloroplast types. Such interaction is thus unlikely 

to be a cause of the observed F 1  hybrid inviability. 

2.4.4 Reproductive potential and isolation of F1 hybrids 

Despite survival or even vigorous growth of F1 hybrids, sterility or 

reduced reproductive output may result in a major barrier to gene flow 

between species (Levin 1978). Several studies of Eucalyptus have shown 

F 1 -type hybrids may survive to reproductive maturity in natural 

populations but exhibit significantly reduced reproductive output 

compared to competing parental taxa (e.g. Drake 1981; Potts 1986). In 

the present case, reproductive output was not quantified on an 

individual plant basis yet the E. ovata x globulus F 1  hybrids were 

observed to flower (Table 2.2), and viable pollen and seed has been 

collected (Potts unpubl. data). Nevertheless, even when F1 hybrids do 

survive, there would appear to be a major barrier to introgression arising 

from (i) a reduced proportion of the surviving F i 's reaching reproductive 

maturity (no doubt due to their poor growth) and (ii) the F1 hybrids 

flowering out of synchrony with either parental taxon (Figure 2.2). 

Flowering time has been reported to be under strong genetic control and 

inherited in a more-or-less intermediate manner in other eucalypt F1 

hybrids (Gore and Potts 1995), suggesting that once established, F i 's 

would act as a 'bridge' for further gene exchange. Several hypotheses 
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could explain the displacement of flowering time in the present case 

including: (i) an epistatic effect of genes directly affecting flowering time 

per se; (ii) delayed flower bud development is a pleiotropic effect of genes 

(or their interactions) which cause the poor growth of the F 1  hybrids; and 

(iii) a predominantly additive effect of genes controlling bud development 

time. The latter mechanism appears to be operating in the present case 

as despite their smaller size, E. ovata flower buds take nearly two 

seasons to develop from initiation to flowering, whereas this development 

is complete in one season in E. globulus (Lopez unpubl. data). 

2.4.5 Effects of inbreeding 

Severe inbreeding depression at all stages in the life cycle have been 

reported previously in E. globulus (Hardner and Potts 1995), but this is 

the first report for E. ovata. Inbreeding and hybridisation clearly result in 

a severe reduction in fitness, although the genetic cause is likely to be 

different (Potts et al. 1992). In nature, the unilateral crossing barrier, 

coupled with limited seed dispersal from the female, would result in E. 

ovata x globulus F1 hybrids being more likely to compete with open-

pollinated progeny of E. ovata than E. globulus. The present study clearly 

shows that the F 1  hybrids are significantly less fit than open-pollinated 

progeny of either parental taxon and would rarely survive to reproductive 

age in nature under direct competition with even mildly inbred parental 

types. Nevertheless, while the F i 's were significantly less fit than selfed 

progeny of E. globulus in the test environment, they were vegetatively and 

reproductively competitive with selfs of E. ovata. Thus, despite the 

potentially high level of endogenous inviability, the E. ovata x globulus Fi 

hybrids would appear to be competitive with highly inbred progeny of the 

maternal taxa. 

2.4.6 Evolutionary implications 

Arnold et al. (1999) argue that hybridisation may have significant 

evolutionary consequences despite low hybrid fitness in early 

generations. The present study suggests that changes in inbreeding 
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levels of parental populations might be a key factor affecting the relative 

fitness of hybrids and their potential to impact on the pure species gene 

pool. As with most forest tree taxa, eucalypts exhibit severe inbreeding 

depression for fitness traits (Potts and Wiltshire 1997) which would 

result in population fitness being markedly lowered during population 

bottlenecks arising from founder events or range contraction. Such 

bottlenecks would have been an integral part of the response of the 

Tasmanian eucalypt species to the Quaternary glacial cycles that would 

have imposed cycles of contraction and expansion of eucalypt forest. 

There is increasing evidence from extensive sharing of distinctive 

chloroplast haplotypes that the Tasmanian eucalypt species, including E. 

globulus and E. ovata, have historically been involved in extensive 

reticulate evolution (Jackson et al. 1999). It has been argued that the 

patterns of chloroplast variation and capture are consistent with 

extensive hybridisation and expansion from populations confined to 

glacial refugia (Jackson et al. 1999). 

Pollen swamping from more common congeners (Ellstrand and Elam 

1993; Potts and Wiltshire 1997), coupled with reduced fitness of the 

pure species through inbreeding, may result in hybridisation having its 

greatest evolutionary impact in small founder or relict populations. 

Subsequent expansion of such populations could certainly explain cases 

of introgression despite low hybrid fitness in early generations (Arnold 

1997; Arnold et al. 1999). It is therefore important to account for varying 

levels of parental inbreeding if the genetic impact of hybridisation is to 

be fully modelled. 
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Chapter 3 
Quantitative genetics of Eucalyptus globulus: 
Affinities of land race and native stand 
localities 

This Chapter has been accepted for publication and is currently in press 

as: 

Lopez GA, Potts BM, Dutkowski GW and Rodriguez Traverso, JM (2001). 

Quantitative genetics of Eucalyptus globulus: Affinities of land race and 

native stand localities. Silvae Genetica (in press). 

3.1 Introduction 

Eucalyptus globulus is the major pulpwood species grown in temperate 

regions of the world, with more than 1.7 million hectares planted (Tibbits 

et al. 1997). This species is a native of Tasmania and coastal regions of 

south-eastern Australia (Jordan et al. 1994). The gene pool is highly 

differentiated across this geographic range (Dutkowski and Potts 1999) 

as well as on a local scale (Jordan et al. 2000). The species also 

intergrades with E. bicostata and E. pseudoglobulus over extensive areas 

of continental Australia (Jordan et al. 1994) and some of these intergrade 

populations are important components of breeding programs (Dutkowski 

and Potts 1999; Jones et al. 2001). 
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While E. globulus is native to Australia, major land races can now be 

found on most continents, but their exact origin is generally unknown 

and many are believed to be derived from a narrow genetic base 

(Poynton 1979; Eldridge and Griffin 1990; Eldridge et al. 1993). 

Eucalyptus globulus was the first eucalypt to be widely known outside of 

Australia (Jacobs 1981). Plantings of this species were well established 

in southern Europe and Northern Africa by the mid 1800's (Penfold and 

Willis 1961; Jacobs 1981). Nowadays, it is the main eucalypt species 

cultivated in Portugal and Spain (Tibbits et a/. 1997). E. globulus was 

introduced into Chile in 1823 (Navarro and Vecchi 1920; Jacobs 1981) 

and an extensive forest base was rapidly developed in the early 1900's 

in the vicinity of Lota (VIII Region, Bio-Bio) (Bernath 1940). In 

Argentina, E. globulus was the first eucalypt introduced in 1857 (Penfold 

and Willis 1961; INTA 1995). Although the species is only a minor 

component of the eucalypt estate in Argentina (Eldridge et al. 1993), 

there is now increasing interest in expanding this estate (Lopez et a/. 

1997). 

Genetic improvement of E. globulus commenced in the late 1960's with 

small breeding programs in Portugal and Australia, but most programs 

commenced in the late 1980's or early 1990's (Orme 1977; Tibbits et al. 

1997). A main focus of early programs was the screening of a major 

provenance collection undertaken in 1975-76 (Orme 1977; Volker and 

Orme 1988). By the late 1980's, major breeding programs for the pulp 

and paper industry had commenced in many countries around the 

world, such as Australia (Tibbits et al. 1997), Chile (Vergara and Griffin 

1997), Portugal (Aranjo et al. 1997) and Spain (Vega Alonso et al. 1994). 

The overseas programs were either based on selections derived from 

land races or more recent introductions of Australian native stand seed 

collections undertaken, for example, by Orme (1977) (e.g. Portugal - 

Almeida et al. 1995, Miranda et al. 2001) or the CSIRO Australian Tree 

Seed Centre (Gardiner and Crawford 1987; 1988) (e.g. Chile - Infante 

and Prado 1991; China - Zang et al. 1995; Portugal - MacDonald et al. 

1995; Spain - Vega Alonso et al. 1994, Soria et al. 1997). In many cases, 

native stand re-introductions are seen as a way to more rapidly improve 

the genetic quality of plantations (Eldridge et al. 1993) and new base 
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population material is being screened for merging with land race 

selections (e.g. Arai* et al. 1997; Vergara and Griffin 1997). 

The rate of germplasm exchange between breeding and deployment 

programs around the world is increasing. It is therefore important to 

know the origin and characteristics of land race material and how it 

compares with native stand provenances. E. globulus land race material 

subject to varying levels of artificial selection have been compared to 

unselected native stand provenances in trials in many countries 

(Australia - Volker and Orme 1988; Chile - Infante and Prado 1991; 

China - Zang et al. 1995; Portugal - Almeida et al. 1995; Spain - Vega 

Alonso et al. 1994). A key issue is whether such land races have 

differentiated from native stand material under the influence of natural 

or artificial selection in their new environment. 

This Chapter examines the pattern of variation in a new collection of 

native stand seed lots of E. globulus and intergrade populations grown 

in four Argentinian trials. Also quantitative genetic affinities and relative 

performance of land race selections from Portugal, Spain, Chile and 

Argentina in the same trials are determined. 

3.2 Materials and Methods 

3.2.1 Plant material 

An E. globulus base population established on four sites in the Buenos 

Aires Province, Argentina was evaluated. The trials initially included 

14,925 trees from 276 seed lots. 222 open-pollinated (OP) seed lots were 

from a range wide collection of native stands in Australia that was 

undertaken by Kylisa Seeds Pty Ltd in 1993-94 (Figure 3.1; Table 3.1). 

These seed lots are independent of those evaluated in early trials in 

other countries (see Introduction), although most of the collection 

localities were the same. The 10 seed lots from King Island were 

provided by the CSIRO Australian Tree Seed Centre. Land races from 

Portugal, Spain, Chile and Argentina were also represented as OP or 

control pollinated full-sib (FS) families, or commercial bulk collections. 

The Portuguese land race was represented by OP and FS families from a 
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SOPORCEL clonal seed orchard. The Spanish land race was represented 

by OP families from selected trees in Asturias (Northern Spain) and a 

bulk sample which was a commercial seed lot from Huelva (south-

western Spain). The Chilean land race was represented by three 

different bulk samples from the VIII Region, Bio-Bio, two commercial 

bulks from the Angol area and one from a seed production area at Roble 

Huacho where trees had been selected at an intensity of approximately 

1 in 4. The Argentinian land race was represented by a commercial bulk 

from the Miramar region and 7 OP families collected from trees, mass 

selected for growth and form in a commercial plantation near 

ClaromecO. The two last regions are in the traditional E. globulus 

planting zone, which is south-east of the Buenos Aires Province. 

Figure 3.1- Map of south-east Australia showing seed collection localities 
and the races of Eucalyptus globulus as defined by Dutkowski and Potts 
(1999). 



; Table 3.1- The provenance of Eucalyptus globulu.s families and allocation in the four Argentinian 
:trials. The race of Dutkowski and Potts (1999) is given when localities were comparable with their 
study, latitude (Lat.) and longitude (Long.) of the native stand collecting localities are given as well as 
; the number of seed lots (families or bulks) at each trial site and across all sites. All the native stand 
:families were derived from open pollinated seed lots (OP) whereas the land race samples included OP 
ifamilies, full-sib families (FS) or bulk seed collections. 

Provenance Race 
Lat. Long. Trials 

Total BALC BOSC VOCA MANU 

Parker Sp ur Western Otways 38° 47' 143° 35' 30 27 30 26 30 
Jamieson Creek Eastern Otways 38° 36' 143° 53' 21 19 21 19 21 
Jeeralang North Sttzelecici Ranges 38° 20' 146° 31' 30 29 30 30 30 
South Bruny Island Southern Tasmania 43° 22' 147° 17' 10 9 10 10 10 
Cygnet 43° 08' 147° 06' 23 22 23 23 23 
Dover bulk Southern Tasmania 43° 16' 147° 00' 1 - 1 
Central Flinders Island Furneaux 40° 04' 148° 00' 36 34 38 34 38 
Dover Southern Tasmania 43° 16' 147° 00' 24 21 24 23 24 

South G eevesto n Southern Tasmania 43° 11' 146° 53' 4 4 4 4 4 
Central King Island King Island 39° 53' 143° 59' 10 7 10 9 10 
Moogara South-eastern Tasmania 42° 47' 146° 53' 23 21 23 23 23 
Seymour North-eastern Tasmania 41° 40' 148° 17' 10 7 10 9 10 
Portugal OP 21 12 28 19 28 
Portugal FS 6 6 10 10 10 
Spain bulk 1 1 1 
Sp ain OP 2 2 2 
Argentina bulk 1 - 1 
Argentina OP - 7 7 7 
Chile bullcs 1 1 3 2 3 
TOTAL 250 220 275 250 276 
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The trials comprised 15 replicates of sets of 20 (4x5 trees) or 25 (5x5 

trees) families. Families were allocated to sets based mainly on 

geographic provenance with a view to later conversion of the trials to 

seed orchards. Replicates of each set were randomly arranged 

throughout the trial and families within each set were randomly 

arranged in single tree plots. A double external buffer row was planted to 

minimise edge effects within the trials. Site conditions for all trials were 

similar and characterised by low altitude, uniform rainfall and fertile 

soil. The sites are identified as BALC, BOSC, MANU and VOCA and 

details are summarised in Table 3.2. At each site, the soil was ploughed 

and ripped, a pre-emergent herbicide applied and planting undertaken at 

3 x 3 m spacing. Growth rates were best at the higher rainfall sites of 

BOSC and VOCA (Table 3.3). Survival was high in all sites (88-96%) and 

best at BALC and BOSC. 

Table 3.2- Location, soil, climate details, year of establishment and number 
of families in each trial. 

EALC BCSC MANU VOCA 
Latitucle 37° 45' 38° 39' 37°5 38°2g 
Lorgtude 58° 17 3 Q4  
Altitude (rrl 133 13 	210 49 
Sil Gay loam Sandy loam Clay loam Loarn 

PH 5.9 6.1 6.1 6.7 
Organic matter (%) 6.5 5.9 5.6 3.5 
Annual rainfall (run) 908 1008 850 930 
Annual average temperature (°C) 13.5 14 13.3 13.4 
Absolute rrininum (°C) -5.4 -3.3 -5.8 -4 
Year of establishment 1995 1995 1996 1996 
No. of farrilies 250 220 250 275 
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Table 3.3- Total phenotypic means for all traits assessed from each trial and 
respective units. Abbreviations used for the variables are described in text. 
Variables with a superscript ( 1) were logit transformed for analysis and 
means backtransformed for presentation. 

Trials 

BALC BOSC MANU VOCA 
6.6 8.6 5.5 7.7 
9.2 11.6 8.2 10.7 

11.2 14.8 
0.29 0.26 0.36 0.46 
126 149 - 
494 504 421 537 
2.9 2 2.6 2.5 

0.25 0.48 
12.6 12.9 - 

8 8.6 - 

Variable 	Unit 
DBH2 	Crri 

DBH3 	cm 
DBH4 	C111 

ADF0 1  proportion 
HT1 	Cl/1 

HT2 	CIT1 

FORM point 1 - 4 
FORK' proportion 
PILO 	mm 
BARK °A) of DBH 

3.2.2 Measurements 

Trees were assessed for growth, Pilodyn penetration, bark thickness, 

tree form and the timing of the transition to adult foliage (Table 3.3). 

Over bark diameter (cm) was measured at breast height (1.3 m) at 2 

(DBH2), 3 (DBH3) and 4 (DBH4) years after planting. Total height (cm) 

was measured at 1 (HT1) and 2 (HT2) years. Assessments were made of 

the proportion of adult foliage at 2 years (ADFO) and form (FORM) at 3 

or 4 years. ADFO and FORM were subjectively assessed using a 4-point 

scoring system. ADFO was scored from 0 (no adult foliage) to 1 

(complete adult foliage) using the classes 0, 0.33, 0.66 and 1 at BALC 

and BOSC; and classes 0, 0.33, 0.5 and 1 at MANU and VOCA. FORM 

was assessed from 1 (worst) to 4 (best) at 4 years at BALC and BOSC 

and 3 years at MANU and VOCA. The bark thickness (mm) (BTHI) and 

Pilodyn penetration (mm) (PILO) were assessed from trees at BALC and 

BOSC at 4 years of age following the procedure of MacDonald et al. 

(1997), except only one measurement was taken per tree. Pilodyn 

penetration is an indirect measure of wood basic density because they 

are inversely related (Greaves et al. 1996). The variable BARK used for 
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analysis is the percentage of DBH4 that was bark for each individual 

tree and it was estimated as: 

BARK = 20 * BTHI / DBH4 

The presence or absence of forks at 2 years (FORK) was also assessed at 

BALC and BOSC, approximately 2 months after light hail damage. 

3.2.3 Analyses 

The general sets of data used for analysis were from all those trees that 

were alive at the measurement. At one site (MANU) approximately 25 % 

of trees suffered cow damage at an early age and were excluded from 

analysis. Binomial (FORK) and proportion traits (ADFO) were 

transformed to a logit scale before analysis to achieve normality of 

residuals and back-transformed after analysis for presentation. 

Family least-square means for all variables were calculated for each 

individual site. Spatial analysis (Costa e Silva et at 2001), undertaken 

with ASReml, was used to calculate family means because of the partial 

confounding of provenance with the original design units. The original 

design units (sets) were thus not included in the model. The significance 

of the differences between locality means were tested with a one-way 

ANOVA based on these family least-square means, and a posteriori 

comparisons of locality means undertaken with the Tukey test. This 

analysis was undertaken with the GLM procedure of SAS (SAS version 

8), specifically testing differences between: a) native stand localities; b) 

Portugal OP and FS using only families where the parents were common 

to both cross types; and c) land race versus native stand OP families. 

Principal component analyses were performed on groups of variables 

representing the same trait to summarise the main component of 

variance among provenance means. As in Dutkowski and Potts (1999), 

the first principal component from each analysis was used to derive 

synthetic traits (italics in the text indicates a synthetic trait) to 

summarise the variation in growth, diameter, adult foliage, Pilodyn 

penetration, form, fork and bark thickness. Variables and trials used in 

the calculation of each synthetic trait are showed in Table 3.5. Principal 

component analyses were based on the correlation matrix derived from 
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provenance means and undertaken using the PROC PRINCOMP 

procedure of SAS. The geographic trends in variation for the synthetic 

traits growth, adult foliage, form, forking, pilodyn and bark thickness 

were then visualised by plotting provenance values on maps showing 

their geographic position. 

In order to summarise the overall differentiation between provenances 

in multivariate space, a discriminant analysis based on faintly means for 

30 variables was undertaken using PROC DISCRIM of SAS. Only 204 OP 

families from the 13 provenances present in all four trials were used. 

Scores on the significant discriminant functions were calculated and 

provenance means plotted in the space defined by the 2 major 

discriminant functions. UPGMA clustering was also used to summarise 

the overall quantitative genetic relationships amongst provenances. The 

clustering was based on the Euclidean distance amongst provenances 

in the space defined by the 7 significant discriminant functions and was 

undertaken using the PROC CLUSTER procedure of SAS. 

3.3 Results and discussion 

3.3.1 Differences among native stand localities 

The differences between native stand localities were significant for all 

variables analysed (Table 3.4). The highest F values were generally for 

BARK and FORM. For all synthetic traits shown in Figure 3.2, the first 

principal component (PC 1; see Table 3.5) summarised positively 

correlated variation in trait means across trial sites. Adult foliage, 

pilodyn and bark thickness explained more than 90 % of the total 

variation amongst localities means, indicating that locality performance 

was highly stable across sites and thus the genotype by environment 

interaction was low. Locality performance was also relatively consistent 

for other traits, such as growth, diameter, form and forking where the 

percentage of variation explained ranged from 72 - 88% (see Table 3.5). 
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Table 3.4- F-ratio (F) and probability (p) of no difference between groups 
from univariate ANOVAs for each variable. The analyses were based on 
family least square means and compared the 11 native stand localities (F10. 
190 to 212), Portuguese open-pollinated (OP) and full-sibs families (FS) which 
share common parents (FL 9 or 10), and land race and native stand OP families 
(FL 213 to 263). Variable codes are detailed in text. 

Trials Variable 
Native stand localities Portugal OP vs. FS Land race vs. native 

F 

BALC DBH2 5.5 0.0000 0.1 0.7137 2.2 0.1429 
DBH3 4.3 0.0000 9.8 0.0106 1.5 0.2152 
DBH4 3.5 0.0003 2.6 0.1408 1.4 0.2357 
ADFO 8.8 0.0000 1.7 0.2275 5.2 0.0231 
HT1 3.8 0.0001 0.7 0.4147 4.0 0.0471 
1-112 5.9 0.0000 0.3 0.6008 0.3 0.5759 

FORM 11.8 0.0000 0.8 0.4057 9.6 0.0022 
FORK 2.5 0.0066 0.1 0.7080 0.1 0.7973 
PILO 11.2 0.0000 1.5 0.2530 0.2 0.6505 
BARK 27.3 0.0000 1.1 0.3214 0.2 0.6567 

BOSC DBH2 8.3 0.0000 1.0 0.3534 1.6 0.2102 
DBH3 4.4 0.0000 2.0 0.1881 0.9 0.3380 
DBH4 3.0 0.0016 1.5 0.2556 1.6 0.2078 
ADFO 15.7 0.0000 3.7 0.0856 1.0 0.3278 
FORK 4.6 0.0000 0.1 0.7511 1.1 0.3060 
HT1 13.1 0.0000 0.8 0.3842 0.9 0.3319 
1-1T2 10.1 0.0000 2.2 0.1760 0.0 0.8811 

FORM 13.1 0.0000 2.4 0.1537 1.9 0.1714 
PILO 7.0 0.0000 4.1 0.0724 0.1 0.7825 
BARK 13.4 0.0000 0.0 0.9678 0.1 0.7903 

MANU DBH2 10.7 0.0000 0.6 0.4505 0.7 0.4022 
DBH3 5.0 0.0000 0.1 0.7545 1.5 0.2203 
ADFO 9.2 0.0000 5.5 0.0444 0.2 0.6275 

1-n2 10.8 0.0000 0.2 0.6415 1.0 0.3200 
FORM 7.9 0.0000 0.3 0.5860 0.0 0.8513 

VOCA DBH2 9.4 0.0000 1.0 0.3404 0.0 0.8861 
DBH3 7.2 0.0000 1.6 0.2397 0.1 0.7765 
ADFO 11.0 0.0000 4.9 0.0505 6.7 0.0103 
HT2 15.0 0.0000 0.0 1.0000 0.2 0.6267 

FORM 16.2 0.0000 0.2 0.6785 23.6 0.0000 



Portugal OP 
Portugal FS 
Spain OP 

Argentina OP 

Chile bulk 

Portugal OP 
Portugal FS 

Chile bulk 

b) adult foliage 

Portugal OP 
Portugal FS 
Spain OP ir 

Chile bulk 

c) form 

Portugal OP 
Portugal FS 

Span bulk 

Chile bulk 

WI( 

Portugal OP 
Portugal FS 

Chile bulk 

f) bark thickness 

RS  

Portugal OP 
Portugal FS 

Spain bulk 

Chile bulk 

d) forking e) pilooyn 

Chapter 3- Land races and native localities 	 Page 35 

Figure 3.2- Geographic variation in (a) growth, (b) adult foliage, (c) form, (d) 
forking, (e) Pilodyn penetration, and f) relative bark thickness amongst 
native stand and land race samples of Eucalyptus globulus. The provenance 
means of the first principal component indicated in Table 3.5 is plotted with 
large circles representing favourable values and large triangles representing 
the least favourable values from a breeding perspective. 

Table 3.5- The percentage of variation explained by the main principal 
component summarising positive correlated variation between the same 
trait measured at the various sites and ages. The higher the principal 
component (PC 1), the greater is the means across sites and ages for each 
trait. These principal components were used to derive synthetic traits that 
summarised the variation in each trait (see Figure 3.2, Table 3.7). The more 
variation explained by the synthetic trait (PC 1), the more consistent the 
locality performed across sites and ages (less genotype x environment or 
genotype x age interaction). 

Synthetic trait 
Number 
of trials 

Variable 
used 

Age in 
years 

% explained 
by PC1 

adultfoliage 4 ADFO 2 95.5 
pilodyn 2 PILO 4 94.2 
bark thickness 2 BARK 4 92.7 
growth 2 DBH & HT 2 & 3 87.6 
diameter 4 DBH 3 & 4 81.9 
form 2 FORM 3 79.5 
forking 2 FORK 2 71.8 
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For comparable synthetic traits, Dutkowski and Potts (1999) reported 

percentage of correlated variation of locality performance consistently 

lower than the present study, suggesting that there is less locality x 

environment interaction in our study than evident in their Tasmanian 

trials. 

Highly significant differences between localities occurred for both 

diameter and height growth in all of the Argentinian trials at all ages (P 

< 0.001), except for DBH4 at BOSC (P < 0.01) (Table 3.4). The best 

growth was obtained from native stand seed lots collected from Victoria 

(Parker Spur, Jamieson Creek, Jeeralang North), South Geeveston and 

Central Flinders Island whereas the slowest growing localities were from 

Central King Island, South Bruny Island and Moogara (Figure 3.2a and 

Table 3.6). Similar rankings were found for 2 and 4 year growth data 

from the CSIRO 1987/88 seed collections in trials in Tasmania (Jordan 

et al. 1994; Dutkowski and Potts 1999) and Chile (Infante and Prado 

1991; Prado and Alvear 1993), which indicates the general stability of 

this geographic pattern. The main inconsistency across collections 

arises in the performance of seed lots collected from King Island. It was 

generally the slowest growing native stand locality in the Argentinian 

trials, and also performed poorly in other studies (Infante and Prado 

1991; Jordan et al. 1994). However, King Island was the best performing 

provenance reported by Volker and Orme (1988) and Kube et al. (1995) 

from an earlier collection. Such differences may be due to variation in 

the exact location that the seed is sampled on the island. For example, 

Dutkowski and Potts (1999) showed large differences in the growth of 

collections from South and Central King Island in the CSIRO 1987/88 

collection. This difference may be due to sampling more remnant trees 

in farmland in the southern sample. Open-pollinated progeny from such 

isolated trees exhibit poorer growth compared with those from trees in 

more dense stands (Borralho and Potts 1996) due to lower outcrossing 

rates (Hardner et al. 1996). In our case, seed originated from the 

relatively isolated, remnant trees suggesting that their open-pollinated 

progeny would exhibit some degree of inbreeding depression, that is 

severe in E. globulus (Hardner and Potts 1995; Chapter 2). Nevertheless, 

the possibility of genotype x environment interactions causing the 
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variable performance of King Island can not be discounted. For example, 

Soria et al. (1997) report relatively better growth of King Island and 

Western Tasmanian families in trials in the north of Spain compared 

with those in the drought prone (Toro et al. 1998), south-west of Spain. 

King Island is known to be relatively drought susceptible (Dutkowski 

1995). 

Table 3.6- Locality means for diameter (cm) and tree form (1=worst, 4=best) 
at VOCA age 3, and Pilodyn penetration (mm) at BALC age 4 in native stand 
and land race (*) families of Eucalyptus globulus grown in Argentina. 
Results are presented for these sites as they contained the most land race 
samples. Provenances grouped by the same vertical line are not significantly 
different (P> 0.05) following the Tukey test. 

Diameter at VOCA 	 Tree form at VOCA 	 Pilodyn penetration at BALC 
Provenance Mean 	 Provenance Mean 	 Provenance Mean 
*Portugal FS 12.00 *Portugal FS 3.05 Jeeralang N. 11.65 
Parker Spur 11.54 *Argentina Bulk 2.93 *Chile Bulks 12.24 
Jeeralang N. 11.34 Moogara 2.84 Sth. Geeveston 12.38 
Sth. Geeveston 11.17 *Portugal OP 2.81 Jamieson Ck. 12.47 
Jamieson Ck. 10.98 *Chile Bulks 2.78 *Spain Bulk 12.48 
Cent. Minders I. 10.91 Jeeralang N. 2.77 Moogara 12.57 
*Argentina OP 10.90 *Argentina OP 2.76 Cent. Flinders I. 12.59 
*Portugal OP 10.74 Sth. Geeveston 2.66 Cygnet 12.61 
*Spain OP 10.68 Cygnet 2.62 Sth. Bruny I. 12.63 
Seymour 10.61 Sth. Bruny I. 2.54 Dover 12.68 
Dover 10.29 Dover 2.54 *Portugal OP 12.68 
Cygnet 10.15 *Spain OP 2.45 Parker Spur 12.81 
Sth. Bruny I. 9.97 Parker Spur 2.41 *Portugal FS 12.92 
Moogara 9.83 Cent. King!. 2.29 Seymour 13.08 
*Chile Bulks 9.31 Cent. Flinders I. 2.16 Cent. King I. 14.03 
Cent. King I. 9.18 Seymour 2.14 
*Argentina Bulk 8.65 Jamieson Ck. 2.05 

The native stand localities also differed in the timing of the ontogenetic 

transition from the opposite, sessile and highly glaucous juvenile leaves 

to the typical alternate, petiolate green adult leaves (P < 0.001; Table 

3.4). Localities exhibiting early transition to adult foliage, and hence had 

a greater proportion of adult foliage in the canopy at age 2 years, were 

from Cygnet, localities from Victoria, and Central Flinders Island (Figure 

3.2b). Trees from Seymour, in North-eastern Tasmania, retained their 

juvenile foliage much later than all other localities tested (Figure 3.2b). 

Similar trends were also reported by Dutkowski and Potts (1999) and 

Jordan et al. (2000), where localities from the North-eastern Tasmanian 

race were shown to retain their juvenile foliage and those from the 

Eastern and Western Otways and Furneaux races exhibited early 

transition. 
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The form of trees from the native stand localities differed significantly on 

all sites (P < 0.001; Table 3.4). Trees with the best form were from 

Jeeralang North, Moogara and South Geeveston, whilst trees from 

Seymour, Jamieson Creek and Central Finders Island had the poorest 

form (Figure 3.2c and Table 3.6). Localities also differed for early forking 

mainly due to hail damage in the two sites assessed (P < 0.01 at BALC 

and P < 0.001 at BOSC; Table 3.4). Trees more susceptible to forking 

were from South Bruny Island, Jamieson Creek and Central Finders 

Island localities (Figure 3.2d). The locality with the least forking was 

Jeeralang North. There was some consistency between good form and 

low forking at the locality level (e.g. Jeeralang North vs Jamieson Creek 

and Central Finders Island), although the positive correlation was not 

statistically significant (Table 3.7). Again there is consistency in the 

pattern of genetic diversity in form revealed in other studies. In trials 

established from the Orme collection in Tasmania, trees from King 

Island, Jeeralang, Geeveston and Uxbridge (i.e. Moogara) had the better 

average form while those from Seymour clearly had the worst (Volker 

and Orme 1988). The poor form of the latter locality was noted as being 

typical of many of the localities on the East coast of Tasmania. Locality 

level information is not given for a trial established in China from the 

CSIRO 1987 collection (Zang et al. 1995). However, the mean form of 

trees from Eastern Victorian followed by Southern Tasmania was the 

best whereas the average form of trees from Eastern Tasmania and the 

Bass Strait Islands was the worst. 

Pilodyn penetration, an indicator of wood density, differed significantly 

amongst the native stand localities in both Argentinian trials (P < 

0.001; Table 3.4). Pilodyn penetration was highest in trees from Central 

King Island followed by Seymour, and lower in trees from Jeeralang 

North and Jamieson Creek (Figure 3.2e and Table 3.6). The locality 

ranking was very similar for the subset of localities in common with 

those tested in Portugal using wood cores (Miranda et al. 2001) and the 

Pilodyn assessment of the CSIRO 1987/88 collection in Tasmania 

(Dutkowski and Potts 1999). In all cases, Jeeralang North had the 

highest wood density and King Island the lowest. The similarity in 

locality performance in different countries and across multiple 
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collections is consistent with low genotype by environment interaction 

(MacDonald et al. 1997) and strong genetic structuring of the gene pool 

for this trait. 

Highly significant differences were found amongst E. globulus native 

stand localities for relative bark thickness (P < 0.001; Table 3.4). Bark 

was thicker on trees from Jeeralang North, Jamieson Creek and 

Seymour. By contrast, Central King Island had thin bark, as did 

localities from Southern Tasmania (Figure 3.20. The same pattern of 

genetic differentiation was detected in trials in Tasmania using CSIRO 

1987/88 seed collection, where localities from Victoria and north-east 

Tasmania were shown to have the thickest bark (Dutkowski and Potts 

1999). 

While patterns of variation amongst the native stand localities sampled 

in this study was independent for most of the traits; there was evidence 

for correlated variation in several cases (Table 3.7). Localities with 

thicker bark were also those with denser wood, and the faster growing 

localities had both thicker bark and denser wood (i.e. lower Pilodyn 

penetration). However, while the association of thick bark and dense 

wood was evident in the larger sample of native stand localities studied 

by Dutkowski and Potts (1999), the associations of both traits with 

increased growth were not evident. The faster growing races of E. 

globulus make the transition to adult foliage earlier (Jordan et al. 2000), 

but this trend was not significant amongst the localities in the present 

study. 

Table 3.7- Pearson correlation coefficients amongst native stand locality 
means 	for 	the 	synthetic 	traits 	plotted 
correlations are marked as * 0.01 < P < 0.05, 

in 
** P < 

Figure 	3.1. 
0.01. 

Significant 

Synthetic traits grouth fomi 	adultfoliage forking pilodyn 

form -0.09 

adultfoliage 0.19 0.33 

forking -0.05 -0.5 0.44 

Pilochin -0.63* -0.28 -0.27 0.02 

bark thickness 0.78 -0.29 -0.07 -0.01 -0.61* 
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The first two dimensions of the discriminant space shown in Figure 3.3 

and the dendrogram in Figure 3.4 summarise the pattern of 

differentiation amongst the native stand localities. All localities from 

Victoria (Jeeralang North, Jamieson Creek and Parker Spur) were 

differentiated from localities in South-eastern Tasmania. Central 

Flinders Island was intermediate but had closer affinities to Jamieson 

Creek and Parker Spur, localities from the Otways Ranges in Victoria. 

This differentiation was consistent with the results of Dutkowski and 

Potts (1999) for quantitative traits and that observed by Nesbitt et al. 

(1995) using RAPD markers. Central King Island was an outlier to the 

south-eastern Tasmanian localities in the present study (Figure 3.4). 

Nesbitt et al. (1995) and Dutkowski and Potts (1999) also reported that 

King Island localities were outliers, but in the later case with 

quantitative genetic affinities with western Tasmanian localities not 

included in the present study. Cygnet clustered with Moogara although 

both have close affinities to the Southern Tasmanian group of localities 

(South Bruny Island, Dover and South Geeveston). Cygnet lies near the 

boundary of the Southern and South-eastern Tasmanian races of E. 

globulus as defined by Dutkowski and Potts (1999). This locality was not 

sampled in their study, but its affinities to Moogara, which is classified 

in the South-eastern Tasmania race, suggests that the boundaries 

between these two adjoining races may be further south than they 

indicated. The Seymour population is an outlier in our analysis which is 

probably a reflection of it being the only representative of the North-

eastern Tasmania race in this study. 
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Figure 3.3- Eucalyptus globulus provenance means scores on the first two 
discriminant functions (DF) derived from analysis of growth, form, adult 
foliage, bark and Pilodyn penetration. The localities are from Victoria (.), 
the Bass Strait Islands ( A), Tasmania (•) and exotic land races (X). The 
analysis was based on family mean data and the percentage of variation 
explained by each discriminant function is indicated. 
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Figure 3.4- Dendrogram from UPGMA clustering of native stand and land 
race localities of Eucalyptus globulus. 

3.3.2 Land race differentiation 

For the majority of traits, the landraces samples were within the range 

of variation found for the native stand localities (Figure 3.2). Few 

significant differences were detected in the specific comparison of native 

stand and land race families (Table 3.4). The most significant difference 

involved tree form, which was significantly better in the land race than 

native stand families on two sites (VOCA P < 0.001; BALC P < 0.01). The 

generally better form of land race samples (Figure 3.2c) was most 

marked at VOCA, where the land race samples from Portugal, Argentina 

and Chile had better form than all native stand localities except 

Moogara (Table 3.6). Spain OP was the exception for the landrace 

samples as it had only average tree form compared with native stand 

families (Table 3.6). Better form of Portuguese and Australian open-

pollinated seed orchard progeny compared to native stand progeny was 

found in China, and even the unimproved local Chinese land race had 
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better form than most native stand samples (Zang et al. 1995). Several 

authors (e.g. Poynton 1979; Jacobs 1981) have noted the good form of 

overseas plantations of E. globulus. Such better form could simply be a 

plastic response to the absence of damage by the numerous pests and 

diseases which have co-evolved with eucalypts in Australia (Pryor 1976). 

However, the present study suggests that the good form in overseas 

plantations has a genetic basis and is likely to be due to artificial 

selection. Almeida et al. (1995) also reported that land races from Spain, 

Portugal and USA were more frost tolerant than native provenances of 

E. globulus, and suggested that this is likely to be due to selection after 

introduction. Such improved frost resistance is similarly reported for the 

local Chinese land race of E. globulus (Zang et al. 1994). 

The growth rate of the individual land races varied markedly (Figure 

3.2a; Table 3.6), in part reflecting their degree of genetic improvement. 

VOCA was the site where most land race samples were represented and 

where the most significant differences between all provenances were 

detected (P < 0.001). At this site, the open-pollinated families from 

Argentina, Portugal and * Spain were only average in their performance 

and were out performed by many native stand localities (Table 3.6). This 

average performance occurred despite the fact that the native trees 

sampled were effectively unselected whereas the land race parents were 

selected to varying degrees from even aged plantations on the basis of 

size and form. In addition, the land race OP seed was not only obtained 

directly from selected trees in plantations (Argentina, Spain), but from a 

grafted seed orchard (Portugal). The bulk seed lots used for commercial 

plantation establishment were the worst of all seed lots tested, except 

for the native stand seed lots from Central King Island which are likely 

to be highly inbred (see above). The deleterious impact of inbreeding on 

the growth of open-pollinated families is no doubt reflected in the 

superior growth of the Portugal FS families compared with the Portugal 

OP families (Figure 3.2a; Table 3.6). Depression in the growth of E. 

globulus open-pollinated progeny compared to outcrossed controls is 

well known (Hardner and Potts 1995; Hardner et al. 1996; also see 

Chapter 2). While this trend was consistent in all cases when we 

compared the FS and OP progenies from exactly the same parents, the 
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difference was only statistically significant in one case (BALC DBH3; 

Table 3.4). 

The relatively poor growth of the land race OPs compared to many of the 

native stand localities may be due to selection from a narrow, and 

probably not the best, genetic base or inbreeding effects (Eldridge et al. 

1993). This poor growth performance is also evident at the family level 

where a high percentage of the top performing families were from native 

stands. The best performing families at VOCA were from the native 

stand localities, Parker Spur, Jeeralang North and Jamieson Creek, 

where 60%, 40% and 29% of families respectively were in the top 25% 

for growth (DBH3) in the trial. Twenty-five percent of the Portuguese OP 

families were in the top 25% of families and the top family ranked 6th. 

Apart from one family from the Argentina OP, no other land race OP 

family or bulk seed lot was represented in the top 25% of families in the 

trial. While 80% of the Portuguese full sib families were in the top 25%, 

the top full-sib family still only ranked 8th in the whole trial. 

Seed lots from land race and native localities have been tested in other 

countries with variable results. At 6 sites in Portugal, the average 

growth of local seed lots covered the full range of variation observed for 

a wide range of native Australian localities of E. globulus (Almeida et al. 

1995). However, one local Portuguese provenance was noted to give the 

best average performance across all sites. In Yunnan, China, the 

average tree diameter of seed lots from the unimproved local land race 

as well as seed orchards in Tasmania and Portugal was greater than the 

native stand provenances (Zang et al. 1995). However, only the 

Tasmanian seed orchard seed lots exceeded the native Victorian 

provenances on height growth. In 14 sites in Spain samples of the local 

population and clones used as controls, exceeded the average growth of 

native provenances (Soria et al. 1997). However, at the family level, it 

was noted that several Australian families exceed the growth of local 

controls and would constitute good material for future breeding. 

Wood density is another trait that is important when breeding E. 

globulus for pulpwood (Borralho et al. 1993). The average Pilodyn 

penetration of our land race samples was spread across the full range of 

natural variation (Figure 3.2e; Table 3.6). Trees from Chile bulks had 
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the lowest penetration, Spain bulk was intermediate, and the Pilodyn 

penetration for the Portugal OP and FS families was high. However, in 

this analysis the difference amongst land race samples was not 

statistically significant. The only comparison of the wood density of land 

race and native provenances of E. globulus published is that of Miranda 

et al. (2001). In this study of 3 trials in Portugal, the land race samples 

from Spain and Portugal covered the full range of variation in average 

wood basic density observed amongst native provenances. However, 

there was a trend for the land race samples to be in the higher range of 

density, but this was not the case in the present study. 

Marked, spatially structured genetic differentiation of the native gene 

pool provides the opportunity to examine the overall genetic affinities 

and possible origin of selections from the E. globulus land races 

developed on several continents. The patterns of multivariate 

differentiation amongst provenances are summarised in the ordination 

in Figure 3.3 and dendrogram in Figure 3.4. Only the Chilean and 

Portuguese land races were sufficiently represented across all trials to 

allow their inclusion in the analysis. The Chile bulks clearly had close 

quantitative genetic affinities to localities from the Southern Tasmanian 

race of E. globulus. This affinity is consistent with isozyme studies that 

show samples from the Chilean land race have greater molecular genetic 

affinities to southern Tasmania (Eaton 1994). The Portuguese OP 

sample was somewhat intermediate between Tasmanian and Victorian 

localities (Figure 3.3). However, it had closest affinities to South Bruny 

Island, Moogara and South Geeveston (Figure 3.3), and clustered with 

the southern Tasmanian localities (Figure 3.4). 

Quantitative genetic affinities of land race samples of E. globulus have 

been addressed in several other studies. Zang et al. (1995) found that 

the local Chinese land race from Yunnan province also had close 

affinities to native localities from southern Tasmania, which is 

consistent with this area being an early source of seed distributed 

around the world. However, in comparing the performance of 6 land 

race samples from Portugal on traits, such as survival, growth, frost 

tolerance, bark content and wood density, Almeida et at. (1995) notes 

that they rank across the full distribution of native localities. This result 
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suggests that a broad provenance origin of the Portuguese land race is 

likely. However, our study suggests that the average affinities of the 12 

OP families derived from selections from diverse areas in Portugal (and 

which were represented in all four trials) lies with native localities from 

southern Tasmania. A predominantly southern or south-eastern 

Tasmanian origin of plantations of E. globulus in Spain and Portugal is 

suggested by Orme (1977) based on observation of morphology. This is 

the core of the distribution of species E. globulus (Jordan et al. 1993). 

3.4 Conclusion 

This study demonstrates marked genetic differences between the native 

localities of E. globulus, consistent with previous studies. This genetic 

differentiation is geographically structured and involves independent 

variation in many quantitative traits. The spatial patterns of genetic 

diversity in E. globulus are stable, being clearly revealed in independent 

samples of the native gene pool and expressed under different 

environments located in both northern and southern hemispheres. 

The strong geographic structuring of variation in the E. globulus native 

gene pool allows the affinities and potential origin of exotic land races to 

be examined. The average quantitative genetic affinities of the Chilean 

and Portuguese land race samples tested in this study lies with 

populations in the core range of this species in southern Tasmania. 

However, there is some evidence to suggest that the land races have 

undergone genetic differentiation for at least one key trait after their 

introduction into exotic countries, potentially due to historic, or more 

recent, artificial phenotypic selection. The performance of land race 

samples from throughout the world for key economic traits varies widely 

which for growth can, to some extent, be explained by differences in 

their level of genetic improvement. The present study indicates that 

some local land race material being used for deployment may be of low 

genetic quality and clearly emphasis the gains that can be made by the 

introduction of new material from Australia for both breeding and 

deployment. 
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Chapter 4 
Genetic variation and inter-trait correlations 
in Eucalyptus globulus base population trials 
in Argentina 

This Chapter has been submitted for publication and is currently in 

review: 

Lopez GA, Potts BM, Dutkowski GW, Apiolaza LA and Gelid PE (2001). 

Genetic variation and inter-trait correlations in a Eucalyptus globuli  

base population in Argentina. Forest Genetics (submitted). 

4.1 Introduction 

Eucalyptus globulus is a forest tree native to south-eastern Australia and 

variously given specific (Brooker 2000) or sub-specific status (E. globulus 

ssp. globulus; Kirkpatrick 1975). It is the premier pulpwood Eucalyptus 

species and is grown in plantations in many temperate countries around 

the world (Eldridge et al. 1993). It is in various stages of domestication in 

many countries such as Australia (Tibbits et al. 1997), Chile (Sanhueza 

and Griffin 2001; Gutierrez et al. 2001), China (Zang et al. 1995), 

Portugal (Aranjo et al. 1997), Spain (Soria and Borralho 1998) and 

Uruguay (Balmelli et al. 2001). Genetic parameters are required to 

optimise breeding and deployment strategies, as well as estimate 

breeding values and gains from selection (White 1996; Borralho 2001). 

To determine the response to selection, it is important to know how 

much of the phenotypic variation in a given trait is under genetic control 
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(heritability). It is also important to understand the extent to which the 

expression of the genetic variation is stable across different ages (age to 

age genetic correlations) and different sites (as an indication of genotype 

x environment interaction), as well as the genetic. correlations existing 

amongst different traits to predict the response to selection in a 

multivariate sense (Falconer and Mackay 1996). 

Most studies of genetic parameters in E. globulus have focused on growth 

(e.g. Potts and Jordan 1994b; Borralho et al. 1995; Hodge et al. 1996; 

Balmelli et al. 2001) and its association with a few key traits such as 

survival (Chambers et al. 1996), wood density (Borralho et a/. 1992b; 

MacDonald et al. 1997; Muneri and Raymond 2000), flowering precocity 

(Chambers et al. 1997), form (Volker et al. 1990) and vegetative phase 

change (Ipinza et al. 1994; Jordan et al. 2000). These studies differ in 

analytical technique, statistical model, genetic material studied and/or 

test environment. 

The present study reports the genetic parameters for the first pedigreed 

E. globulus trials grown in Argentina. These trials combine both native 

stand seed lots from Australia and land race material from around the 

world to construct a large base population for breeding this species in 

Argentina (see Chapter 3). The present Chapter examines the level of 

genetic control and genetic correlations for eight traits covering growth, 

wood density, form, bark thickness and vegetative phase change. The 

expression of genetic variation in these traits is examined across four 

sites as well as the change with age up to four years of age. 

4.2 Materials and Methods 

4.2.1 Plant material and trials 

The four sites studied are located in the Buenos Aires Province, 

Argentina, within the traditional E. globulus planting zone (defined in 

Lopez et al. 2001). The trials are identified as BALC (lat. 37 0  45' S long. 

58° 17' W), BOSC (lat. 38° 39' S long. 59° 04' W), MANU (lat. 37 0  53' S 

long. 59° 56' W) and VOCA (lat. 38° 28' S long. 59° 06' W) and vary in 
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average annual rainfall from 850 to 1008mm arid average annual 

minimum temperature from -5.8° to -3.3° (see Chapter 3). The trials 

included a total of 14,925 trees from 276 seed lots. Two hundred and 

twenty three open-pollinated (OP) families and one bulk collection were 

from 11 native stand localities in Australia and 52 seed lots were from 

land races from Portugal, Spain, Chile and Argentina. The land race seed 

lots included 37 OP families and 10 control pollinated (CP) families as 

well as 5 bulk collections of varying levels of genetic improvement. The 

number of families (i.e. seed lots) per trial ranged from 220 to 275. Full 

details of the distribution of families across collection localities are given 

in Chapter 3. 

The trials comprised 15 replicates per family of single-tree-plots. Families 

were arranged in sets of 20 to 25, based on their geographic provenance. 

Sets were randomly allocated to a position in the trial and families within 

each set were randomly arranged in each replicate of the set. Spacing 

was 3 m x 3 m in all trials. 

4.2.2 Measurements 

Measurements were made of growth, adult foliage, Pilodyn penetration, 

bark thickness, form and survival. Stem diameter (cm) over bark was 

assessed at breast height (1.3 m) at 2 (DBH2), 3 (DBH3) and 4 (DBH4) 

years after planting. Total height (cm) was measured at 1 (HT1) and 2 

(HT2) years. The proportion of adult foliage was assessed at age 2 

(ADFO), while tree form (FORM; 1 worst - 4 best) was assessed at age 3 

(MANU and VOCA) or 4 (BALC and BOSC). These last two variables were 

measured on an ordered 4-point scale (details in Chapter 3). Bark 

thickness (BTHI) and Pilodyn penetration (PILO) were measured (mm) 

only in BALC and BOSC at age 4. The variable BARK used for analysis is 

the proportion of DBH4 that was effectively bark for each individual tree. 

The presence of forks at age 2 (FORK) was assessed in the same 2 trials 

approximately 2 months after light hail damage. Survival (SURV) was 

determined based on the oldest assessment for each trial (i.e. age 4 for 

BALC and BOSC and age 3 for MANU and VOCA). 

The general set of data used for analysis was from all those trees that 

were alive at measurement; however, isolated outliers (usually runts) 
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were rejected. At MANU approximately 25 % of trees suffered damage by 

cows at an early age and were excluded from the analysis. 

4.2.3 Analyses 

Variance components for each trait were estimated with an individual 

tree mixed model, using restricted maximum likelihood implemented 

with ASReml (Gilmour et al. 2001). The model fitted was: 

y = X b + ZA a + Zc c + e 	 (1) 

where:y is the vector of individual tree data; 

b is the vector for all the fixed effects (overall mean, subrace as 

defined by the classification of Dutkowski and Potts (1999) or land 

race (as given in Chapter 3), and pollination type (open pollinated 

or control pollinated); 

a is the vector of unobservable additive genetic effects of individual 

trees; 

c is the vector for the random effects of the incomplete blocks and 

e is the vector of residuals. 

X, ZA and Zc  are incidence matrices relating the observations to 

the fixed and random effects in the model. 

The incomplete block design was imposed a posteriori (see Ericsson 1997; 

Fu et al. 1999). The incomplete block size used for each trial was that 

which maximised the model likelihood for the oldest diameter 

measurement (Dutkowski et al. 2001a). Model 1 was fitted for both 

univariate and bivariate analyses and in both cases, the expected mean 

and variances of the parameters are: 
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Xb V Z A G A  Z cG c  R 
a i.i.d G.Z 'A  G A  0 0 

N 
G c Z'c  0 G c  0 

(2) 

0 0 R 

where V = ZA GA Z 'A Zc Gc Z'c + R, 

GA = A G. where A is the numerator relationship matrix, G. is the 

additive genetic covariance matrix, and 0 is the Kronecker product, 

Gc = I 0 Gc. where I is an identity matrix, Gco is the incomplete block 

covariance matrix, and 

R= Rt  01 where Rt  is the trait residual covariance matrix. 

For the univariate case, some of these matrices (e.g. Go, Rt) collapse to 

scalars (e.g. o, ,2 ) The additive relationship matrix A was modified to 

account for an assumed 30% selfing rate, which increases the sib 

additive coefficient of relatedness (r) from 0.25 to 0.4 and the parent-

offspring relatedness from 0.25 to 0.4 as well (Dutkowski et al. 2001b). 

The few bulk seed samples were included in the relationship matrix with 

missing male and female pedigree information. A binomial model was 

fitted to presence/absence traits (SURV, FORK) with a probit 

transformation. The significance of random effects was tested using a 

likelihood ratio test (Searle 1971). 

tz,  
To compare the absolute levels of additive genetic variation across traits, 

the coefficients of additive genetic variation were calculated as: 

CVA  = 1 00 .2 
	

(3) 

where: o-a  is the within subrace additive genetic standard deviation 

calculated from the univariate model, and 

x is the population mean (after Houle 1992). 

Single site, narrow-sense heritabilities (h 2) were calculated as: 
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(4) 

where: a the additive genetic variance within subraces and 

2 . ae  is the error variance component in (2). 

The error term includes the specific combining effect from the few 

controlled crossed families. The standard errors of estimates were 

calculated by ASReml from the average information matrix, using a 

standard truncated Taylor series approximation (Gilmour et at 2001). 

Genetic differences between subraces were tested with the F-statistics 

using an error degree of freedom derived from the family within subraces 

term. Subrace least square means and their standard errors were also 

estimated in ASReml. Pearsons correlation coefficients amongst these 

subraces least square means were estimated using the PROC CORR 

procedure in SAS (version 8). 

Pairwise genetic correlations and their standard errors were estimated 

using a bivariate model that was extended from the univariate model. 

Whether correlations were significantly different from zero or not was 

determined with a likelihood ratio test. 

4.3 Results and discussion 

4.3.1 Expression of genetic effects 

The genetic variation was partitioned into fixed subrace effects and 

random additive genetic variation within subrace. The estimates 

presented in this study are dominated by open-pollinated native stand 

families (82%) but also integrated information from open-pollinated (14%) 

and control pollinated (4%) land race families. All traits showed 

significant subrace differentiation except survival at VOCA (Table 4.1). 

The patterns of differentiation at the subrace level are discussed in 

Chapter 3, therefore this Chapter 4 focuses on the genetic variation of 

families within subraces. 
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variance ( a" ) with their significance (Sig.) and coefficient of additive 
genetic variation (CVA in % units), within subrace heritabilities (h 2) with 
their standard errors (s.e.) and the F values and significance of the subrace 
effects (F) for the 34 variables measured across the four trails. Significance 
of effects are noted as ns = not significant; * P< 0.05; ** P < 0.01 and *** P < 
0.001, NT = could not be tested. "n" represents the number of data for each 
trait included in the analysis. Note that n in DBH3 at BALC and BOSC are 
smaller that DBH4 due to exclusion of data at age 3. 

Table 4.1- The overall means with standard deviation (sd), additive genetic 
2 

11-ait 	Site n 	 llran d 

Additive genetic Heritability Subrace effect 

07, 	Sig. (NA  h2  s.e. F 	Sig. 

1-nn 	BAIf 3694 128 6.1 278 *** 13 022 0.03 35 '4* 
BC6C 3216 159 6.3 360 w 12 0.36 0.05 13.6 *** 

1-112 	BALC 3676 523 188 2717 *** 10 0.24 0.04 6.7 *** 
POSC 3186 539 14.7 1587 *** 7 022 0.04 10.0 *** 
VOCA 3838 564 15.2 2970 w 10 0.23 0.03 15.5 *** 
MANU 2778 483 12.6 992 w 7 0.11 033 12.4 w 

DI3H2 BALC 3626 732 0.31 0.671 w 11 0.23 0.03 6.0 w 
BC6C 3160 9.64 032 0.848 ***` 10 0.29 0.04 7.7 w 
VOCA 3671 850 0.27 0.944 w 11 0.25 0.04 9.4 w 
MANU 2614 6.61 0.16 0.139 w 6 0.09 0.C6 10.5 w 

DBI13 BALE 3199 11.W 0.41 1.217w 10 0.27 0.04 4.2W 
BC 2927 13.20 0.44 1.656 W 10 0.33 0.C5 3.7 w 
VOCA 3744 12.02 0.36 1.864 *** 11 0.27 0c4 85 w 
MANU 2620 9.27 0.25 0.427 *** 7 0.12 0.03 4.4 w 

DBH4 BALC 3592 12.54 0.45 1.964 11 0.33 0.04 3.0 *1` 
BC6C 3122 1655 0.54 2.696 w 10 0.35 033 2.3 * 

HID 	RALC 3511 13o3 0.26 0.798 7 0.43 005 11.6 w 
BOSC 31W 1344 0.31 1.027 w 8 0.52 0.06 7.0 **** 

BARK BALC 3508 8.22 0.31 0.953 w 12 0.33 0.04 21.9 w 
BOSE 3094 8.34 0.34 1.008 w 12 0.31 0.04 13.5 w 

FORM BALC 3517 314 0.13 0.091 w 10 0.14 003 12.0 w 
BE6C 3101 2.47 0.14 0.091 w 12 0.09 003 13.1 w 
VOCA 3744 310 0.11 0.071 w 9 0.07 0.02 14.4W 

MANU 2820 2.72 0.13 0191 *** 11 0.09 0.03 7.0 w 
ADFD BALE 3679 0.23 0.04 0.026 w 71 0.65 006 7.8 w 

BC6C 3198 0.24 0.05 0.029 w 69 0.64 0.06 5.3 w 
VOCA 3544 0.46 0.04 0.043 w 46 0.62 0.95 10.3 w 
MANU 2665 0.43 0.05 0.1134w 43 0.54 0.95 5.8W 

FORK BALC 3679 0.25 0.044 NT 0.04 0.02 6.0 w 
BOSC 3182 0.48 0.035 NT 0.03 0.02 4.4 w 

SURV3 VOCA 3769 0.91 0.153 w 0.13 0.03 2.3 * 
MANU 3432 0.88 0.036 as 0.03 0.04 1.6 as 

SURV4 BALC 3362 0.96 0o26 as 0.02 0.07 31 ...... 
BOSE 3123 0.95 0.022 as 0.02 0.07 2.0 * 

Statistically significant levels of additive genetic variation within subraces 

were detected for all traits except survival, where significant variation 

was only detected at VOCA (Table 4.1). However the magnitude of the 

additive variance was scale dependent and in the case of growth, 

increased with the measurement mean. The ability of traits to respond to 
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selection can be compared by the coefficient of additive genetic variance 

(CVA) that measures levels of additive genetic variation while accounting 

for scale and size effects (Houle 1992). The CVA was close to 10% for most 

traits, except for the proportion of adult foliage that was greater than 

40% at all sites (Table 4.1). In a review of the magnitude of the coefficient 

of additive genetic variation across a large number of quantitative traits 

in a variety of forest tree species, Cornelius (1994) reported median 

values for height and diameter growth of 9%, consistent with the average 

obtained in the present study. 

The magnitude of the genotype x environment interaction on trait 

expression can be gauged by the genetic correlation between the same 

trait measured at different sites. Such correlations could be partitioned 

into the correlation of subrace effects (r5) and the correlation of additive 

genetic effects within subraces (rg). The subrace correlations across sites 

were strong and positive for most traits (Table 4.3), indicating stability of 

subrace performance for the traits observed. Genetic correlations within 

subraces were also high (Table 4.4), and in general slightly higher than 

the subrace correlations. 

High intra-population genetic correlations (r g) are often associated with 

high inter-population (e.g. rs) genetic correlations (Zeng 1987) as in the 

present case. However, this is not always the case in E. globulus (Potts 

and Jordan 1994a; Jordan et al. 2000) and to some extent the patterns of 

subrace correlation will depend upon the pattern of subrace sampling. In 

contrast, the genetic correlations within subraces are likely to be more 

stable and reflect pleiotropy. The pooled estimates across different 

subraces would argue against an effect of linkage. In the present case, 

measurements of the same trait at different sites were genetically 

correlated at a level usually greater than 0.7 (Table 4.4) and, at least for 

most growth measurements, this was also the case at the subrace level. 

These results would argue that the same genes are being expressed at 

the different sites and that from a breeding perspective a single breeding 

population would be suitable for the range of sites tested. 
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Table 4.2- Individual narrow-sense heritability estimates (h 2) for growth 
traits of Eucalyptus globulus open-pollinated families from single sites or 
the sites average when multiple sites are reported. The coefficient of 
relationship (r) used in the estimation are given and the heritabilities have 
been standardised to a common basis of r = 0.4 (h 20p) for comparison. Where 
r is not given these are treated as r = 0.4. The traits diameter at breast 
height (dbh), height (ht) and volume (vol) are followed by a number which 
represents the age of measurement in years. The group effect represents 
the inclusion (Yes) or not (No) in the statistical model of a (f-Dx effect to 
account for the provenance, subrace, race or other group effect. Number of 
families (No. of families) and number of sites (No. of site) tested, and type of 
population (Pop. Type) refers to whether land race (L) or dominantly 
Australian native stand (N) families have been tested. 

Trait 
h2 r h

2 

 °P 
Group No. of 
effect 	families 

Pop. 
type 

No. of Country 
sites 

Source of reference 
and year 

dbh ? 0.15 - 0.15 No 560 L & N 5+ Portugal Araujo et al. (1997) 
dbh2 0.14 0.35 0.12 Yes 224 N 1 Chile Ipinza et al. (1994) 
dbh3 0.17 0.35 0.15 Yes 224 N 1 Chile Ipinza et al. (1994) 
dbh3 0.13 0.40 0.13 No 89 N 3 Uruguay Balmelli et al.(1) (2001) 
dbh4 0.10 0.54 0.14 No 20 N 4 Australia,VIC Woolaston et al. (1991) 
dbh4 0.13 0.35 0.11 Yes 224 N 1 Chile Ipinza et al. (1994) 
dbh4 0.24 0.40 0.24 No 589 N 14 Australia Borralho et al. (1995) 
dbh4 0.39 0.25 0.24 Yes 594 N ,  5 Australia, TAS Borralho & Potts (1996) 
dbh4 0.26 0.40 0.26 Yes 569 N 5 Australia, TAS MacDonald et al. (1997) 
dbh4 0.28 0.40 0.28 Yes 474 N 5 Australia, TAS Dutkowski et al. (1997) 
dbh5 0.14 0.40 0.14 Yes 260 N 14 Spain Soda etal. (1997) 
dbh5 0.12 0.40 0.12 No 89 L 3 Uruguay Balmelli et al.(1) (2001) 
dbh5 0.21 0.40 0.21 Yes 70 N 3 Australia Muneri & Raymond (2000) 
dbh6 0.24 0.40 0.24 Yes 45 N 1 Australia, TAS Volker et al. (1990) 

ht ? 0.25 0.25 No 560 L & N 5+ Portugal Araujo et al. (1997) 
htl 0.23 0.33 0.19 • No 20 L 1 Portugal Borralho et al. (1992) 
ht2 0.06 0.54 0.08 No 20 N 4 Australia, VIC Woolaston et al. (1991) 
ht2 0.20 0.35 0.18 Yes 224 N 1 Chile Ipinza et al. (1994) 
ht2 0.18 0.33 0.15 No 20 L 1 Portugal Borralho et al: (1992) 
ht3 0.20 0.35 0.18 Yes 224 N 1 Chile Ipinza et al. (1994) 
ht3 0.12 0.40 0.12 No 89 L 3 Uruguay Balmelli et al.(1) (2001) 
ht4 0.17 0.35 0.15 Yes 224 N 1 Chile Ipinza et al. (1994) 
ht4 0.51 0.25 0.32 Yes 594 N 5 Australia, TAS Borralho & Potts (1996) 
ht4 0.29 0.33 0.24 No 20 L 1 Portugal Borralho et al. (1992) 
ht5 0.17 0.40 0.17 Yes 260 N 14 Spain Soria et al. (1997) 
ht5 0.10 0.40 *  0.10 No 89 L 3 Uruguay Balmelli et al.(1) (2001) 
ht6 0.12 0.40 0.12 Yes 45 N 1 Australia, TAS Volker et al. (1990) 
ht6 0.34 0.33 0.28 No 27 L 1 Portugal Borralho et al. (1992) 
ht8 0.29 0.33 0.24 No 43 L & N 1 Portugal Borralho et al. (1992) 
ht9 0.33 0.33 0.27 No 27 	L 1 Portugal Borralho et al. (1992) 

vol ? 0.22 0.22 No 560 L & N 5 + Portugal Araujo etal. (1997) 
vol2 0.26 0.50 0.33 Yes 24 N 5 Australia Hodge etal. (1996) 
vol2 0.10 0.50 0.13 Yes 8 N 5 Australia Hodge et al. (1996) 
vol3 0.10 0.40 0.10 No 89 L 3 Uruguay Balmelli et al.(1) (2001) 
vol4 0.10 0.35 0.09 Yes 224 N 1 Chile Ipinza et al. (1994) 
vol4 0.38 0.40 0.38 Yes 549 N 1 Australia, TAS Potts &Jordan (1994) 
vol4 0.36 - 0.36 - 653 L & N - Chile Vergara & Griffin (1997) 
vol5 0.12 0.40 0.12 No 89 L 3 Uruguay Balmelli et al.(1) (2001) 
vol6 0.19 0.40 0.19 Yes 45 N 1 Australia, TAS Volker et al. (1990) 
vol9 0.18 - 0.18 - 1 Portugal Cotterill & Brolin (1997) 
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Table 4.3- Across site correlations between subrace least square means and 
their significance from zero. The significances are noted as ns = not 
significant: * P < 0.05; ** P < 0.01 and *** P < 0.001. 

Trait BOSC VOCA MANU 
HT1 

HT2 

DBH2 

DBH3 

DBH4 

ADFO 

FORM 

PILO 

BARK 

FORK 

BALC 

BALC 
BOSC 
VOCA 

BALC 
BOSC 
VOCA 

BALC 
BOSC 
VOCA 

BALC 

BALC 
BOSC 
VOCA 

BALC 
BOSC 
VOCA 

BALC 

BALC 

BALC 

0.56 

0.85 

0.85 

0.77 

0.84 

0.96 

0.83 

0.94 

0.83 

0.42 

ns 

*** 

*** 

** 

** 

* 1 * 

** 

*** 

** 

ns 

0.77 
0.82 

0.64 
0.69 

0.57 
0.80 

0.90 
0.88 

0.89 
0.91 

** 
* * 

* 

ns 
* * 

* * * 

* * * 

* * * 

* * * 

0.74 
0.79 
0.84 

0.72 
0.88 
0.78 

0.70 
0.85 
0.78 

0.95 
0.96 
0.88 

0.74 
0.80 
0.54 

* 
** 
*** 

* 
*** 
** 

* 
** 
** 

*** 
*** 
*** 

* 
** 
ns 
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Table 4.4- Across site genetic correlations * standard errors derived from 
pairwise analyses. All correlations were significantly different from zero (*** 
P< 0.001). 

Trait BOSC VOCA MANU 
HTI BALC 0.78 ± 0.07 

HT2 BALC 0.93 ± 0.07 0.85 ± 0.07 0.92 ± 0.12 
BOSC 0.94 ± 0.07 0.84 ± 0.12 
VOCA 0.92 ± 0.12 

DBH2 BALC 0.85 ± 0.07 0.81 ± 0.07 0.89 ± 0.14 
BOSC 0.83 ± 0.07 0.91 ± 0.14 
VOCA 0.78 ±0.14 

DBH3 BALC 0.94 ± 0.06 0.89 ± 0.06 1.12 ± 0.10 
BOSC 0.93 ± 0.05 0.95 ± 0.11 
VOCA 0.90 ± 0.10 

DBH4 BALC 0.89 ± 0.05 

ADFO BALC 0.99 ± 0.02 0.97 ± 0.02 1.03 ± 0.02 
BOSC 0.96 ± 0.03 1.00 ± 0.03 
VOCA 1.01 ± 0.02 

FORM BALC 0.98 ± 0.14 0.98 ± 0.14 0.70 ± 0.18 
BOSC 1.12 ± 0.19 0.98 ± 0.21 
VOCA 0.84 ± 0.22 

PILO BALC 0.89 ± 0.04 

BARK BALC 0.88 ±0.06 

FORK BALC 0.77 ± 0.35 

4.3.1.1 Growth 

Fast growth is one of the major objectives of eucalypt breeding programs 

around the world (Greaves et al. 1997; Borralho 2001). Growth was 

under a moderate genetic control in our trials. In general, single site 

heritability estimates for growth traits ranged from 0.09 to 0.36 (Table 

4.1). The average heritability of four single trial estimates for diameter 

across ages was 0.25. Estimates from MANU were atypically low (0.09 to 

0.12), but this poor expression of genetic variation for growth within 
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subraces at this site was not reflected in the expression of subrace 

differences. Heritabilities for height ranged from 0.11 to 0.36. 

A comparison, with heritability estimates reported in the literature, is 

complicated by the differences in environment, methodology of analysis 

(e.g. whether group effects are excluded or not), age of evaluation and the 

coefficient of relatedness (r) used. Table 4.2 lists the heritability for 

growth traits reported in other OP studies of E. globulus after 

standardising the coefficient of relationship to 0.4 to allow a better 

comparison between studies. Our average heritability (0.25) for tree 

diameter across sites and ages was close to the heritabilities reported for 

most Australian trials (Borralho et al. 1995, 0.24; MacDonald et al. 1997, 

0.26; Muneri and Raymond 2000, 0.21). Other studies (Woolaston et al. 

1991; Ipinza et a/. 1994; Aratijo et al. 1997; Soria et al. 1997) reported 

much lower heritability for diameter (0.11 to 0.15). The average narrow-

sense heritability for diameter, weighted by the number of families 

included in each of the studies reviewed in Table 4.2 including our study 

is 0.21. This value could suffice as standard value for the OP heritability 

of diameter growth in E. globulus. 

The average heritability for height (0.23) across the four Argentinian 

trials was similar to that for diameter and equivalent to the weighted 

average of reported estimates for height (0.23) given in Table 4.2. While 

tree volume was not studied in the present case, the weighted average 

heritability for volume (h 2  = 0.28) in Table 4.2 was of the same magnitude 

as those reported from other Eucalyptus species, such as E. urophy//a 

and E. grandis (h2  = 0.31 and 0.29, respectively) (reviewed in Rezende 

and de Resende 2000). 

There was a consistent increase in heritability estimates for diameter 

with age in all four Argentinian trials (Table 4.2). This trend has been 

previously reported in other forest tree species (as reviewed in Wei and 

Borralho 1996), including E. globulus (Borralho et al. 1992a). Size-

dependent mortality (Chambers et al. 1996) or selective thinning may 

mask such age trends in the expression of genetic variation by reducing 

the amount of genetic variation (Wei and Borralho 1998). However, this is 
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unlikely to be important in the present case. Mortality was low (Table 4.1) 

and when accounted for using a multivariate analysis combining fourth 

year diameter with first year height measurements, the heritability of 

fourth year diameter only marginally increased over the univariate 

estimate (e.g. at BALC, 0.33 and 0.35 and BOSC, 0.35 and 0.36, 

respectively). 

There were very strong age-age correlations in the expression of genetic 

variation both within (rg; Table 4.6) and between subraces (rs; Table 4.5). 

As would be expected, the magnitude of this genetic correlation declined 

with increasing age interval. However, even at the greatest interval, the 

correlations were still highly significant and the genetic correlations (r g) 

between 1 year height and the 4 year diameter were greater than 0.6. 

While subrace effects were less strongly correlated across ages than the 

genetic effects within subraces, in most cases these correlations were 

high and statistically significant. While these trials are still relatively 

young, a strong genetic correlation (rg  > 0.7) between height at age 2 

years and later age sectional area measurements (8-18 years) has been 

reported by Borralho et al. (1992a) for E. globulus. Sectional area 

estimates at age 4 years were also highly correlated (r g  > 0.95) with later 

age measurements taken close to rotation age of between 8 and 18 years. 

These results argue that selection for later age growth could occur as 

early as 2 years, but Borralho et al. (1992a) argues that the optimal age 

for selection is four years or, if expressed in terms of average tree size, 

8m of height. 

Despite the environmental differences between trials (Chapter 3), growth 

was strongly correlated across sites for all pair-wise comparisons (r g  > 

0.78). Growth on the different sites can thus be considered the same trait 

because family performance was stable and the genotype by environment 

interaction was very small (Burdon 1977). Comparable within race 

genetic correlations across sites were reported by MacDonald et al. (1997) 

for 4 year-old diameter of E. globulus across five sites in Tasmania 

(averaged 0.80 cf 0.91 for comparable ages in the present study). In 

another Australian study, Muneri and Raymond (2000) reported similar 

genetic correlation between two sites in Victoria (0.76) but growth at 
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Table 4.6- Genetic correlations (± standard errors) between different traits within sites derived from pairwise bivariate analyses. The 
significance of the difference of the correlation from zero was noted as: ns = not significant; *P < 0.05; ** P < 0.01 and *** P < 0.001. 

Site Trait 	HT2 DBH2 DBH3 DBH4 PILO 	BARK FORM 	ADFO FORK 

BALC HT1 	0.88 ± 0.03*** 0.84 ± 0.03*** 0.80 ± 0.04*** 0.82 ± 0.04 **" -0.07 ± 0.10 ns 0.04 ± 0.10 ns 0.18 ± 0.12 ns 0.00 ± 0.10 ns 0.08 ± 0.18 ns 
HT2 0.89 ± 0.02*** 0.87 ± 0.03-* 0.88 ± 0.03 -* -0.09 ± 0.10 ns -0.02 ± 0.1 Ins 0.36 ± 0.11 *** -0.01 ± 0.09is 0.20 ± 0.18 ns 

DBH2 0.99 ± 0.01*** 0.98 ± 0.01*** 0.00 ± 0.11 ns 0.06 ± 0.10 ns 0.19 ± 0.12 ns 	-0.13 ± 0.0s 0.06 ± 0.17 ns 
DBH3 1.00 ± 0.00*** 0.01 ±0.10 ns 0.09 ± 0.10 ns 0.23 ± 0.11 *** -0.06 ± 0.09is 0.06 ± 0.17 ns 
DBH4 -0.02 ± 0.09 ns 0.11 ± 0.09 ns 0.25 ± 0.11 *** -0.02 ± 0.091s 0.09 ± 0.16 ns 
PILO -0.46 ± 0.08*** -0.19 ± 0.1 ins 	-0.04 ± 0.0s 0.08 ± 0.15 ns 
BARK 0.13 ± 0.11 ns 0.08 ± 0.08 ns 0.07 ± 0.16 ns 
FORM 0.15 ± 0.10 ns -0.40 ± 0.16-* 
ADFO 0.47 ± 0.14 *** 

BOSC HT1 	0.77 ± 0.05*** 0.79 ± 0.04*** 0.68 ± 0.06-* 0.64 ± 0.06*** -0.13 ± 0.09 ns 0.10 ± 0.10 ns -0.03 ± 0.14ns 0.18 ± 0.09 *** 0.26 ± 0.19 ns 
HT2 0.85 ± 0.03“* 0.83 ± 0.04*** 0.81 ± 0.04*** -0.12 ± 0.10 ns -0.16 ± 0.1 Ins 0.38 ± 0.13 - 0.27 ± 0.09 *** -0.09 ± 0.21ns 

DBH2 0.98 ± 0.01**" 0.93 ± 0.02*** -0.01 ± 0.10 ns -0.04 ± 0.1Chs 0.01 ± 0.14 ns 0.05 ± 0.09 ns 0.09 ± 0.20 ns 
DBH3 0.98 ± 0.01*** 0.03 ±0.10 ns -0.16 ± 0.1Chs 0.14 ± 0.14 ns -0.02 ± 0.0%s -0.11 ± 0.2Cns 
DBH4 0.05 ± 0.10 ns -0.17 ± 0.1Chs 0.14 ± 0.14 ns 0.11 ± 0.09 ns -0.02 ± 0.19is 
PILO -0.42 ± 0.08- * -0.06 ± 0.13-is 0.04 ± 0.09 ns 0.34 ± 0.18 ns 
BARK -0.20 ± 0.14ns -0.05 ± 0.0ais 0.02 ± 0.19 ns 
FORM 0.33 ± 0.12 "** -0.79 ± 0.18*** 
ADFO 0.11 ± 0.18 ns 

VOCA HT2 0.94 ± 0.01*** 0.92 ± 0.02*** 0.30 ± 0.13 *** 0.21 ± 0.08 *** 
DBH2 0.98 ± 0.01*** 0.35 ± 0.13 *** 0.14 ± 0.08 ns 
DBH3 0.26 ± 0.13 ns 0.17 -± 0.08 *** 

FORM 0.01 ± 0.13 ns 
SURV3 0.81 ±0.05w 0.60 ±0.08**  0.41 ±0.12w 0.11 ±0.16 ns 0.31 ±0.09 *** 

MANU HT2 0.80 ± 0.07”* 0.70 ± 0.10*** 0.45 ± 0.20 *** 0.16 ± 0.13 ns 
DBH2 0.93 ± 0.03*** 0.32 ± 0.22 ns -0.03 ± 0. 1s 
DBH3 0.42 ±0.19 *** -0.01 ±0.13ns 
FORM -0.01 ± 0.14ns 
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4.3.1.2 Survival 

There is interest in including survival as a selection criterion in E. 

globulus breeding programs where the aim is to maximise productivity on 

a per hectare basis (Chambers et al. 1996; Chambers and Borralho 1997; 

Toro et al. 1998). This is particularly important in more extreme 

environments where mortality due to drought or frost may have an 

economical impact. In the present case, survival was high (> 88%), and 

had the lowest heritability of all traits. The heritability of survival 

averaged less than 0.05 and only at one site was this significantly 

different from zero (VOCA, 0.13). Chambers et al. (1996) reported 

heritability for E. globulus survival ranged from 0.19 to 0.57 in sites in 

Australia and Portugal, with sites most affected by drought having lower 

heritabilities for survival than those affected by frost. While subtle 

differences in survival were detected between subraces at all but one 

Argentinian site, the trials were not subject to major stress during the 

period studied and genetic variation in factors affecting survival was 

poorly expressed. 

4.3.1.3 Pilodyn penetration 

After growth, wood density is the second most important selection trait 

included in E. globulus breeding programs aimed at pulpwood production 

(Borralho et al. 1993; Borralho 2001). Wood density is often measured 

indirectly in such programs using Pilodyn penetration due to the lower 

assessment cost. Pilodyn penetration is inversely related to wood density 

(Muneri and Raymond 2000). In the two trials assessed, Pilodyn 

penetration was much more heritable than growth (0.43 and 0.52). These 

single site heritabilities were higher than those reported by MacDonald et 

al. (1997; 0.28 to 0.41) and particularly Muneri and Raymond (2000; 

0.13 to 0.27). 

Pilodyn penetration was highly genetically correlated (rg  = 0.89 ± 0.04) 

across the two sites assessed. This correlation was close to the average 

(0.91) from a study of five trials established in Tasmania which included 

more than 500 families (MacDonald et al. 1997) and slightly higher than 

the average (0.82) across site genetic correlations reported by Muneri and 

Raymond (2000) for over 70 families on three Australian trials. The 
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correlation between subraces for Pilodyn penetration across the two 

Argentinian sites was very high (r, = 0.94). MacDonald et al. (1997) also 

reported high correlations in race performance across sites for Pilodyn 

penetration (average 0.79). These regular reports of high genetic 

correlations in Pilodyn penetration across sites at both the genetic and 

subrace/race levels clearly indicate little genotype x environment 

interaction occurs for wood density in E. globulus, consistent with the 

findings of Muneri and Raymond (2000). 

4.3.1.4 Bark thickness 

Relative bark thickness may not only affect estimates of under-bark 

volume, but may be of adaptive significance, affecting the susceptibility 

or recovery of trees from damage by pests (e.g. Phoracantha semipunctata 

- Soria and Borralho 1998; Perga affinus - Dutkowski and Potts 1999; 

Jordan et al. 2001) or environmental stress (e.g. drought -Dutkowski and 

Potts 1999). Estimates of heritability for relative bark thickness were 

significant but moderate (0.33 and 0.31) and highly significant 

differences were observed between subraces (Table 4.1). The genetic 

correlation of bark thickness across sites was high both within (0.88) and 

between (0.83) subraces. Dutkowski and Potts (1999) and Kelly (1997) 

reported similar estimates of within race heritability. The latter author 

also notes that relative bark thickness remained fairly constant across 

ages (4; 5 and 8 years of age), sites (5 in Tasmania and 1 in Spain) and 

measurement technique. 

4.3.1.5 Tree form 

Forking and tree form are not commonly included in eucalypt breeding 

programs as primary selection traits when the objective is pulpwood 

production (Borralho et al. 1993; Greaves et al. 1997; Wei and Borralho 

1999). However, such traits may be important for solid wood objectives 

(Raymond 2000). In the Argentinian trials, the early forking observed 

after hail was poorly heritable (0.03 and 0.04) and the trees recovered 

after a few months. However, this damage did appear to have impact on 

later age form (4 years) as the genetic correlation between the presence of 

forks at 2 years and tree form assessed at age 4 years was significant and 
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negative at both sites (-0.40 and -0.79). Poor form appeared to at least 

partly arise from the forking early in establishment. However, the 

heritability of form on the four sites was also low (0.07 to 0.14). Volker et 

al. (1990) reported higher heritability (0.22 ± 0.07) for form from a trial 

assessed at age 8. However in both studies, the heritability of tree form 

was lower than estimates for growth. Despite the low heritability for 

forking and form, the genetic expression of these traits was highly 

correlated across sites, at least within subraces (Table 4.4; form 0.70; 

forking 0.77). 

4.3.1.6 Vegetative phase change 

In heteroblastic species such as Eucalyptus globulus, the timing of 

transition from juvenile to adult foliage type is important as the leaf types 

differ in numerous physiological and anatomic characteristics. In the 

case of E. globulus, many pests are adapted to one or another type of 

foliage (e.g. Lawrence et al. 2001; Steinbauer 2001), and variation in the 

timing of the transition may affect performance (Jordan et al. 2000). The 

proportion of adult foliage was the most heritable of all traits in the 

present study, averaging 0.60. High heritability estimates for this 

ontogenetic trait were similarly reported in a base population trial of E. 

globulus in Tasmania (height to phase change h2  = 0.67 ± 0.13; Jordan et 

a/. 1999) and for other eucalypt species (Wiltshire et al. 1998). Despite 

the lower heritability reported by Ipinza et al. (1994; height to phase 

change h2  = 0.30), the timing of the transition to adult foliage seems 

clearly to be under strong genetic control in eucalypts. In addition, the 

relative timing of this transition appears to be extremely stable across 

environments. The very high genetic correlations between (0.92) and 

within (0.99) subraces for the proportion of adult foliage in the canopy, 

implies there is no environment interaction affecting the expression of 

this ontogenetic trait (see also Jordan et al. 2000). 

4.3.2 Inter-trait correlations 

The genetic correlation between two traits will determine how selection 

operating on one trait will affect genetic variation in another (i.e. 

correlated selection - Falconer and Mackay 1996). A positive genetic 
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change in one trait could affect other traits in the population in an 

adverse or favourable manner depending upon the strength and direction 

of their genetic correlations. 

Within subraces, genetic variation in growth was effectively independent 

of genetic variation in the proportion of adult foliage in the canopy, the 

level of forking, Pilodyn penetration and relative bark thickness (Table 

4.6). The only exceptions involved specific growth correlations with 

vegetative phase change. There was a low, but significant positive 

correlation of early growth with the proportion of adult foliage at two 

sites. This is indicative of the general trend observed at the•

environmental and genetic level by Jordan et al. (2000) for fast growth to 

result in more rapid transition to adult foliage. This trend was also 

evident in the genetic correlation with four-year diameter reported by 

Ipinza et al. (1994), but not for their earlier age measurements. There 

was no significant association between growth and the transition to 

adult foliage at the subrace level in the present study, although such a 

correlation was reported for a disease damaged site in Tasmania where 

early phase change resulted in better growth (Jordan et al. 2000). 

Survival was genetically correlated with growth traits at VOCA (Table 

4.5). VOCA was the only trial where there was a significant genetic basis 

to variation in survival within subraces (Table 4.1) and, as with growth, 

survival was also correlated with the proportion of adult foliage but not 

with form. The correlation estimates between survival and growth were 

within the top range of those reported previously (Chambers et al. 1996) 

and indicate mortality was size dependent due to the death of genetically 

slower growing plants. However, these significant genetic correlations (r g) 

were not evident at the subrace level (rs ; Table 4.5). 

There was a general tendency for good form to be genetically correlated 

with fast growth at all sites (Table 4.6). This association was not 

detected at the subrace level (Table 4.5) but a similar trend was also 

reported by Volker et al. (1990) in E. globulus where good tree form was 

weakly genetically associated with fast growth (r g  for height 0.43, 

diameter 0.07 and volume 0.13). Regardless of whether this trend is a 
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scoring artifact or a true biological tendency, the genetic correlation is 

clearly in a direction favourable for breeders. 

There was a tendency for trees with genes for thicker bark to also have 

denser wood. The correlation between the relative bark thickness and 

Pilodyn penetration was highly significant at both sites assessed (rg  = 

-0.46 to -0.42; Table 4.6). This trend was also evident at the subrace 

level (Table 4.5) and has also been observed in trials in Tasmania 

(Dutkowski and Potts 1999), where it was suggested to be a pleiotropic 

relationship reflecting the joint origin of wood and bark in the cambium. 

A knowledge of the genetic relationship between growth and wood 

density is important for breeding programs. An adverse correlation, as 

observed in some Pinus species (e.g. Burdon and Low 1992), can 

markedly retard progress in selection toward a fast growing, high density 

ideotype required to optimise pulp yield per hectare. Within sites in the 

present study, Pilodyn penetration was genetically independent of 

diameter within subraces (average rg  - 0.00; Table 4.6) and slightly 

positive when across site correlations are also considered (average rg  

0.09; see in Chapter 5). Other studies reported positive genetic 

correlations between growth and Pilodyn penetration (0.04, 0.18 and 

0.85 Muneri and Raymond 2000; average of 5 sites 0.26 MacDonald et 

al. 1997; 0.19 Volker unpubl. data) and slightly negative associations 

between growth and basic density (Muneri and Raymond 2000), but 

rarely were these correlations significantly different from zero. At the 

subrace level, there was a tendency for faster growth to be associated 

with lower Pilodyn penetration (i.e. denser wood) in the present study 

(Table 4.5). At the race level this association was highly variable across 

sites in the study of MacDonald et al. (1997), but the combined 

correlation was also slightly negative (-0.19). Regardless, the very low 

correlations between growth and Pilodyn penetration within the total 

population in Argentina when both genetic and sub-race effects are 

combined suggest that the traits can be improved independently (more 

discussion in Chapter 5). 
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4.3.3 Limitations on parameter estimates 

As most eucalypt species are only in the early stages of domestication, 

the majority of the genetic parameters reported to date are derived from 

open-pollinated progeny trials (Eldridge et al. 1993; Potts and Wiltshire 

1997) and E. globulus is no exception (Table 4.2). However, the accuracy 

of these parameter estimates has been questioned, particularly for 

growth (Griffin and Cotterill 1988; Potts et al. 1995). Eucalypts have a 

mixed mating system (Hardner and Potts 1995; Potts and Wiltshire 

1997) and inbreeding depression for growth after selling is severe 

(Hardner and Potts 1995; Hardner et al. 1996; Chapter 2). Bi-parental 

inbreeding may also be significant in wild populations (Hardner et al. 

1998; Skabo et al. 1998). Variation in the levels of outcrossing in the 

open-pollinated progeny may thus impact considerably on their growth 

performance (Hardner and Potts 1995; Borralho and Potts 1996; 

Burgess et al. 1996). Hence, heritability for growth estimated from open-

pollinated progenies can be inflated and not reflect the true additive 

genetic variation amongst parents where the expression of inbreeding 

depression is variable (Hodge et al. 1996). It has also been argued that 

the stability of inbreeding depression may result in overestimation of the 

strength of the additive genetic correlation in growth across ages and 

sites (Potts et al. 1995; Hodge et al. 1996). 

Varied results have been found when comparing estimates of heritability 

and breeding values derived from open-pollinated and control pollinated 

progeny of the same E. globulus parents, even when adjusted as in the 

present study. Breeding values derived from native stand open-

pollinated progeny have been shown to be significantly correlated with 

those derived from controlled crosses for traits such as susceptibility to 

Mycosphaerella sp. fungus attack (Dungey et al. 1997), Pilodyn 

penetration (P. Volker unpublished) and height to vegetative phase 

change (Jordan et al. 1999). Heritability estimates derived for these 

traits have been comparable in both cross types. In contrast, heritability 

estimates derived from native stand open-pollinated progeny were highly 

inflated for growth traits, and breeding values derived from open and 

control pollination were poorly correlated (Griffin and Cotterill 1988; 
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Hodge et al. 1996; P. Volker unpublished data). Such differences may be 

due to variation in inbreeding and not accounting for non-additive 

genetic effects (i.e. maternal or specific combining ability). Indeed, the 

specific combining effects for growth in E. globulus appear to be 

relatively high, at least comparable to additive genetic effects (Hodge et 

al. 1996; Vaillancourt et al. 1995; P. Volker unpublished data). Non-

random outcrossing with a few male parents may thus also bias 

breeding values derived from open-pollinated progeny. 

Most E. globulus breeding programs are moving to controlled pollinated 

assessment after first generation improvement, stimulated by the 

development of new single-visit pollination procedures (Harbard et a/. 

1999; Williams et al. 1999). Such full pedigree control will allow more 

accurate estimation of genetic parameters, the possibility of separating 

additive from non-additive genetic effects, and improved accuracy in the 

prediction of genetic merit for breeding and deployment. 

4.4 Conclusions 

Heritabilities estimated for most traits were consistent with other 

studies. Survival, forking and form were poorly heritable. Growth and 

relative bark thickness were under moderate genetic control whereas 

Pilodyn penetration and vegetative phase change were under strong 

genetic control. Genetic variation in most traits was strongly correlated 

across sites indicating low genotype by environment interaction. Age-age 

genetic correlations for growth were also high. However, the possibility 

that these genetic parameters, particularly for growth, are inflated by 

factors such as inbreeding depression and specific combining effects 

cannot be dismissed. Growth traits were in general genetically 

independent from other key objective traits at the within and between 

subrace levels. 

The significant genetic variation detected for both growth and Pilodyn, 

coupled with their genetic independence, would argue that considerable 

progress can be made in improvement of this base population for 

pulpwood production in Argentina. A strong genetic correlation across 
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ages and sites suggests that early selection for growth and a single 

breeding population is possible with little loss of genetic gain. 

4.5 Acknowledgments 

Dr Greg Jordan contribution with comments on the first drafts and 

assistance with analysis, and Peter Volkers' permission to use 

unpublished results are gratefully acknowledged. Dr Luis Apiolaza and 

Greg Dutkowski contributed with statistic analysis support and Pedro 

Gelid organised the field data from Argentina. 



Page 71 

Chapter 5 
Estimation of overall genetic merit for 
selection of Eucalyptus globulus 

This chapter combines information that has been published partly in a 

conference presentation and in a technical report as: 

Lopez GA, Apiolaza LA, Potts BM, Dutkowski GW, Gelid PE and 

Rodriguez Traverso JM (2001). Genetic parameters for growth and 

Pilodyn from Eucalyptus globulus in Argentina. In: "Developing the 

eucalypt of the future" Proceedings of IUFRO Conference, 10-15 

September 2001, Valdivia, Chile. 

Lopez GA, Apiolaza LA, Dutkowski GW and Potts BM (2000). "Analisis de 

la poblaciOn base de E. globulus en Argentina. Informe de avance" 

CRCSPF Internal Report to INTA (in Spanish). 

5.1 Introduction 

Accurate and robust estimates of genetic parameters are important, as 

they are required to estimate breeding values and hence accurate 

selection of the right trees for breeding and deployment (Borralho 2001). 

The present Chapter uses the uni- and bi-variate parameter estimates 

for diameter and Pilodyn penetration reported in Chapter 4 as a starting 

point for a multivariate estimation of breeding values in a base 

population of Eucalyptus globulus in Argentina. Individual breeding 

values are combined in a selection index aimed at selecting a population 



Chapter 5- Overall genetic merit 	 Page 72 

of superior individuals to retain in conversion of one of the open-

pollinated base population trials (BALC) in Argentina to a seedling seed 

orchard. 

The overall genetic merit of an individual depends upon: 

• the objectives derived from the specific production and marketing 

system; 

• the specific selection criteria used to achieve this objective; 

• its breeding value for these selection criteria; and 

• the weighting given to these breeding values when they are combined 

into a selection index (Hazel and Lush 1942; Smith 1936; 

Schneeberger et al. 1992). 

Eucalyptus globulus is being grown in Argentina to create a pulpwood 

resource (Golfari 1985; Lopez et al. 1997). Historically, in tree 

improvement programs growth rate was the traditional characteristic to 

enhance because either the trees reach a desirable size in a shorter time, 

or a given forest estate would yield more wood on a sustainable basis. 

The overall breeding objective will usually be to increase profit of those 

investing in breeding programs (Goddard 1998). The influence of growth 

traits on the costs of plantation establishment, maintenance, harvesting 

and transport has been demonstrated in many forest species (e.g. 

Namkoong et al. 1969, Van Buijtenen and Saita 1972, Cameron et al. 

1989; Apiolaza and Garrick 2001), including Eucalyptus (Borralho et al. 

1993; Greaves et al. 1997; Wei and Borralho 1999). Forest growing costs 

are important because early costs in plantation establishment must be 

compounded to the end of the rotation (Shelbourne et al. 1997). 

However, variation in wood quality has an important effect on product 

value, and is likely to have a dominant effect on the profitability of 

processing and marketing end products. Indeed, improvement of traits 

directly affecting end-products has far more impact on total profitability 
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than improvement of tree-growing traits (Greaves et al. 1997, Lowe et a/. 

1999, Chambers 2000). The lack of relation with the final product may 

even mean that after a generation of breeding, trees that have been 

selected for fast growth alone may have a negative impact on profit due 

to poor wood quality. 

The breeding objective relevant to growing E. globulus for a pulpwood 

regime was described by Borralho et al. (1993). This objective aimed to 

maximize the end product of tons of pulp per hectare. They identified 

stem volume (measuring volume production m 3 /hectare), wood density 

and pulp yield as key biological traits influencing pulp production. 

Economic weights for these traits were defined for a profit function which 

translates unit changes in these traits into their influence on profit 

under various production scenarios. However, direct information on 

these breeding objective traits is often difficult or expensive for the 

breeder to obtain (e.g. pulp yield), and these traits are usually indirectly 

measured using selection criteria, such as diameter (DBH) and Pilodyn 

penetration (e.g. Greaves et al. 1997; Wei and Borralho 1999). 

The present chapter uses information on diameter (DBH) and Pilodyn 

penetration to obtain breeding values for trees in the four Argentina 

trials on a simple combined selection index aimed at maximizing profit 

from a vertically integrated pulp production system. This information is 

then used to develop a deployment population comprising an open 

pollination seedling seed orchard (SSO) exploiting additive genetic 

effects. 

5.2 Materials and Methods 

The study used information on selection traits from the four progeny 

trials (BALC, BOSC, VOCA and MANU) as described in Chapters 3 and 4. 

These trials were established in the south-east of the Buenos Aires 

Province, across the E. globulus planting zone defined in Lopez et al. 

(2001). The trials comprise open-pollinated families from native stands, 

land race selections from different countries, some full-sib families 

derived from controlled pollination and a few commercial bulks without 

family structure. Details of the genetic material and trials are given in 

Chapter 3 and data structure and site details summarized in Table 5.1. 
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Table 5.1- Data structure and site details for each trial. 

TRIALS 

BALC BOSC MANU VOCA 
Latitude 37° 45' 38° 30' 37° 53' 38° 28' 
Altitude (m) a.s.l. 133 13 210 49 
Soil Clay loam Sandy loam Clay loam Loam 
PH 5.9 6.1 6.1 6.7 
Organic matter (%) 6.5 5.9 5.6 3.5 
Annual rainfall (mm) 908 1008 850 930 
Annual average temperature (°C) 13.5 14 13.3 13.4 
Absolute minimum (°C) -5.4 -3.3 -5.8 -4 
Year of planting 1995 1995 1996 1996 
Original number of trees 3750 3300 3750 4150 
Number of trees assessed 3592 3122 2820 3744 
DBH4 average 12.85 16.54 - 
DBH3 average 11.98 9.24 
PIL04 average 13.02 13.63 - - 

This study focuses on the latest age growth measurements obtained from 

each trial as well as Pilodyn penetration obtained from the two oldest 

trials. As noted previously, Pilodyn penetration is inversely correlated 

with basic density (Greaves et al. 1996). Six traits were studied with 

growth and Pilodyn penetration at the different sites treated as separate 

traits for the purpose of the analysis. This allowed estimation of separate 

breeding values for growth at each of the 4 sites and for Pilodyn 

penetration at the two sites assessed. Growth rate was assessed by 

measuring stem diameter over bark (DBH) at 1.3 m above the ground at 

4 years in BALC and BOSC and 3 years in VOCA and MANU. Pilodyn 

penetration (PILO) was measured at age 4 years in BALC and BOSC 

using one shot per tree. Univariate analyses were initially undertaken for 

diameter and Pilodyn penetration at each site, using the following 

individual tree model: 

y= p+ SUBRACE + OP + BLOCK + TREE + ERROR 

where: 

• y is observed data (DBH or PILO phenotypes for each site), 

• p is the overall mean, 
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• SUBRACE and OP are fixed effects for the native geographical race 

(after Dutkowski and Potts 1999) or the country of origin of the 

landrace, and the nature of the progeny (open- or control 

pollinated), respectively. 

• BLOCK, TREE and ERROR are random effects representing the 

incomplete blocking, the individual tree additive genetic effects 

and the residuals respectively. The BLOCK term was derived from 

the optimal a posteriori blocking (e.g. Ericsson 1997) on the basis 

of diameter. All combinations of square and rectangular block 

sizes up to a maximum of 20 x 20 trees were tested and the 

optimal block size for each site determined from the maximum 

log-likelihood (Dutkowski et al. 2001a). 

Adjustments were also made to the additive relationship matrix to 

account for 30% selfing in the open-pollinated families (Griffin and 

Cotterill 1988). The adjustment increased the average relationship 

amongst progeny from r=0.25 to r=0.423 as detailed in Chapter 4. 

Results of the univariate analyses are given in Chapter 4. 

The model was then extended to a multivariate model for all 6 traits, 

allowing for covariances between block effects and errors for traits 

measured at the same site, and for covariances between additive genetic 

effects for all traits. The bivariate analyses presented in Chapter 4 

provided starting values for the full six-trait multivariate analysis. 

However, breeding values were estimated after the genetic correlations 

between DBH and PILO were fixed to zero, as they were not significantly 

different from zero in bivariate analyses. The within race breeding values 

so derived were then added to the appropriate fixed race effects to 

produce an overall breeding value. The race effects had previously been 

adjusted so that the average of the native stand race effects was zero. For 

the estimation of narrow sense heritability all random terms derived from 

the multivariate analysis for a given trait were included in the 

denominator and the additive genetic variance was the numerator. The 

multivariate model was fitted using Restricted Maximum Likelihood 
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(REML) and the breeding values of parents and offspring obtained using 

Best Linear Unbiased Prediction (BLUP). Analyses were undertaken 

using ASReml (Gilmour et al. 2001). The full multivariate model was 

computationally demanding and would not converge until the genetic 

correlation between DBH3_MANU and DBH4_BALC which was close to 

1, was reduced and fixed at 0.95 (Table 5.2). 

Table 5.2- Within subrace estimates of additive genetic variance (Va), 
heritabilities (h2) and genetic correlations amongst DBH (cm) and Pilodyn 
penetration (mm) measured at the various sites. The correlation between 
DBH at BALC and MANU was fixed to 0.95 when estimating breeding values. 

Trait Va h2 
DBH4_ 
BALC 

DBH4_ 
BOSC 

DBH3_ 
VOCA 

DBH3_ 
MANU 

PILO_ 
BALC 

DBH4_BALC 1.96 0.33 
DBH4_BOSC 2.85 0.35 0.90 
DBH3_VOCA 1.94 0.27 0.85 0.94 
DBH3_MANU 0.52 0.12 0.95a 0.86 0.86 
PI LO_BALC 0.80 0.43 -0.03 0.01 0.11 0.05 - 
PILO_BOSC 1.05 0.52 0.11 0.05 0.20 0.03 0.81 

a model only converged when this correlation close to I was fixed to 0.95 

Hazel and Lush (1942) and Smith (1936) independently proposed the 

idea of a linear function of recorded traits, or selection index, as the 

basis of selection. This selection index is a method for estimating the 

breeding value of an individual combining all information available of an 

individual and its relatives. It is the best linear prediction of an 

individual breeding value. The numerical value obtained for each tree is 

referred to as the index (I) and it is the basis on which trees are ranked 

for selection. 

Following Wei and Borralho (1999), the economic genetic value for the it 

tree was defined as: 

Hi = v` gi 

where: 

v is a vector of economic weight for the traits in the breeding 

objective (VOL and DEN) and 
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• gi is the vector of breeding values for the ith  tree. 

The breeding values for the breeding objective traits (VOL and DEN) were 

predicted from selection criteria (DBH and PILO) after Schneeberger et al. 

(1992) as: 

gi = Gas G - ' 

where: 

• Gos  is the genetic co-variance matrix between traits in the 

breeding objectives and those in the selection criteria, and 

Gss  is the genetic co-variance matrix between the traits in the 

selection criteria, 

• Ili is a vector of estimates of individual breeding values of the 

traits in the selection criteria (DBH's and PILO's) for the ith  tree. 

The same breeding objectives can be defined by the selection index (Ii) 

as: 

IL= AT Gos G - ' 

If 

b = G - ' 	v 

then, 

Ii= 13 -  • i  

In the present case, the index includes individual breeding values from 

the 6 different selection criteria: DBH for each the four sites involved and 

PILO for each of the two sites assessed. Genetic correlations for traits 

were derived from 6 trait multivariate analysis described above and 

correlations with the breeding objective traits, reflecting the mature 

harvesting, and selection criteria (Table 5.3), were obtained from 

estimates given in Cotterill and Dean (1990), Greaves et al. (1997) and 

Borralho et al. (1993). However, educated guesses were required where 
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gaps or uncertainty existed in the information needed to formerly defme 

a breeding objective for the Argentinian system under consideration. 

Otherwise, the gaps would not have allowed a formal definition of the 

breeding objective to be achieved. Accordingly, the relative economic 

weight (v) for the traits wood density and volume used was 2:1. The 

greater weight to density is particularly justified in the present case as 

the product is for export and density has a great effect on the cost of 

overseas transport. 

Table 5.3- Correlations between selection criteria and objective traits used 
In the estimation of the index weights used into the selection index. 

Selection Criteria Objective traits 

DBH BA DBH_BO DBH_VO DBH_MA PILO_BA PILO_BO VOL DEN 
DBH_BA 1 0.9 -0.1 
DBH_BO 0.90 1 0.9 -0.1 
DBH_VO 0.85 0.94 1 0.9 -0.1 
DBH_MA 0.95 0.86 0.86 1 0.9 -0.1 
PILO_BA 0 0 0 0 1 0.1 -0.9 
PILO_BO 0 0 0 0 0.89 1 0.1 -0.9 

It was aimed to convert the BALC trial to a seedling seed orchard 

through a series of thinning, of which the present was the first. The 

objective of the first culling was to reduce the spacing between trees by 

undertaking a mild selection of 1 in 4 trees. This culling was a balance 

between increasing light interception by the canopy, in order to induce a 

quick and abundant flowering and greater canopy spread, and not 

subjecting the stand to the risk of wind throw. This mild selection also 

allows the opportunity for further thinning as more detailed information 

on performance and flowering time becomes available (Peter Gore, pers. 

corn.). Initially, 28 % of trees located at BALC that had the highest 

genetic merit were selected to remain for seed production. However, a 

small number of these selected trees were culled for two main reasons. 

Firstly, to reduce inbreeding, the minimal distance allowed between 

related (half sibs or full sibs) trees was chosen to be 20m. The distance 

between related trees was estimated with an algorithm in ARCVIEW. 

Where two related trees were within 20m, the tree with the lower overall 

genetic merit was eliminated (33 trees eliminated). Secondly, to increase 

canopy exposure to sunlight for enhanced flowering, the spatial 

distribution of remaining trees was checked. Where tree density was 
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considered too high in localised areas, a complementary culling of trees 

with lower overall genetic merit was applied (12 trees culled) to allow 

enough space for the superior trees. A few of the selected trees had also 

died since the assessment. 

Expected gains from the seed orchard were calculated by simply 

comparing the average of the breeding values of the selected trees to the 

average of the breeding values from (i) all the genetic material in the 

trial, (ii) the average of the native stand subrace means and (iii) the 

average of the Chilean bulks which are currently the main source of E. 

globulus seed for Argentinian plantations. 

5.3 Results and Discussion 

Heritabilities and correlations estimated in the multivariate analysis 

(Table 5.2) were virtually identical to those estimated in univariate or 

bivariate analyses presented in Chapter 4. As discussed in Chapter 4, 

the across-site genetic correlations for both diameter (average 0.89) and 

Pilodyn penetration (0.81) were high (Table 5.2), suggesting that a single 

breeding population for this broad region is an appropriate strategy. 

Accordingly, across-site breeding values for each selection trait (i.e. 

diameter and Pilodyn) were calculated by simply averaging the breeding 

values derived from the separate sites for each trait. Consistent with 

previous studies, genetic correlations between diameter and Pilodyn 

penetration were virtually zero (average 0.07; Table 5.2). This very low 

correlation implies that both traits could be improved independently, 

and these correlations were set to zero when estimating breeding values. 

These genetic correlations do not account for the genetic differences that 

exist between the races in our population (Chapter 4). Nevertheless, even 

when these effects are included, the scatter plot of the overall breeding 

values (i.e. accounting for race effects) for diameter and Pilodyn 

penetration shows that these traits still retain their genetic 

independence in the parental (Figure 5.1) and offspring (Figure 5.2) 

populations. 
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PILO 

Figure 5.1- Parental breeding values for diameter (DBH) and Pilodyn 
penetration (PILO) averaged across the four and two Eucalyptus globulus 
trials in Argentina, respectively. The best 20 parents for DBH are marked in 
light grey and best 20 parents for PILO with an empty circle. The dashed 
line delimits the group of trees that would be selected with a selection index 
where selection criteria have equal weighting. 

PILO 

Figure 5.2- Individual breeding values for diameter (DBH) and Pilodyn 
penetration (PILO) at the l3ALC Eucalyptus globulus trial. Selected trees are 
marked with a circle and culled trees with a triangle. The selection was 
based on a 1:2 economic weight applied to volume and wood density at 
harvest age and used to convert the trial to a seedling seed orchard. 
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Growth and density are key selection traits in a pulpwood breeding 

objective for E. globuius (Borralho et al. 1992b). With these two traits 

being genetically independent, the key issue is to identify the economic 

weights to allow their combination in the appropriate selection index. 

The closer their weight is to a 1:1 ratio, the more the gains from selecting 

on one or other trait alone will be sub-optimal. In the present case, 

backward selection of the best 20 parents for diameter to establish a 

clonal seed orchard (CSO) will include the values on the right of the 

graph in Figure 5.1 (high breeding value for diameter). This population 

will have no parents in common with a similar selection for Pilodyn 

penetration alone (low breeding values for Pilodyn penetration) (Figure 

5.1). Parents selected on the basis of the combined criteria may also 

result in only a proportion of parents in common with populations 

generated from single trait selection. For this reason, strategies for 

breeding need to clearly define breeding objectives and methods of 

weighting selection traits. 

The basis of this work relies on the ability to model a production system, 

which will reflect the utilisation of wood at least 10 years into the future. 

The approach normally taken is to predict future utilisation of wood on 

systems we see nowadays. However, the world may be a different place 

by the time (yet unplanted) trees reach maturity. During this time new 

mills may have been built, existing mills rebuilt or decommissioned and 

market for particular wood products may come and go (Chambers 2000). 

Selection index theory assumes that the economic weights are known a 

priori (Weller 1994). Not only is this unlikely, but relative weights tend to 

change over time and region. Hence, the selection index does not solve 

all problems (Weller 1994). Indeed, prediction of such economic 

information is extremely difficult in countries such as Argentina where 

changes in economic circumstance may occur rapidly and in an 

unpredictable manner. As such, the best we can do in providing 

economic weights for breeding objective traits at present is to use 

general information and the production systems and apply gross relative 

weightings. 



Chapter 5 - Overall genetic merit 	 Page 82 

In the present case, wood density was given twice the economic weight of 

volume at rotation age. This relative economic weighting yielded the 

selection index (Ii): 

1.0046325*umm_BA + 0.6107901*umm_Bo + 1.7124127*upmi_vo + 

2.695391*ummi_mA - 5.823977*uplw_BA - 5.077572*upBo 

where u;  is the vector of individual breeding values for the ith selection 

criteria (i.e. 4 DBH and 2 PILO measurements). 

The population resulting after the final selection at BALC consisted of 

995 trees from 158 families and 9 subraces (after Dutkowski and Potts 

1999 or land races country, see Table 5.4), representing 26.5% of the 

trees originally planted. The most represented subrace within the seed 

orchard was the Strzelecki (Jeeralang North locality) which comprised 

33% of the total trees. The next highest representation was the Eastern 

(Jamieson Creek) and Western (Parker Spur) Otways subraces. These 

three subraces were all from Victoria and in total comprised 61% of the 

trees in the SSO. In terms of the proportion of the original trees planted 

which were initially selected, the most important subraces were 

Strzelecki and Eastern Otways, with 73 and 46% of trees selected 

respectively (Table 5.4). Low wood density was the reason the fast 

growing Portuguese land race was a minor component of the seed 

orchard. The King Island trees were eliminated by their poor overall 

performance and low wood density. 



Chapter.5 - Overall genetic merit 	 Page 83 

Table 5.4- The composition of the BALC trial at planting and after 
conversion to a seedling seed orchard (SSO). For each subrace, the table 
indicates the number of trees planted, the number of trees remaining in the 
SSO, the percentage of each race originally selected compared to the 
number planted, and the percentage contribution of each subrace to the 
SSO. 

Subrace 
Number of trees Percentage of trees 

selected per subrace originally 
planted 

remaining 
in SO from planting in the SO 

Chile 15 0 0.0 0.0 
Eastern_Otways 315 144 45.7 14.5 
Flinder Island 540 146 27.0 14.7 
King Island 150 0 0.0 0.0 
NE_Tasmania 150 7 4.7 0.7 
Portugal 405 74 18.3 7.4 
S_Tasmania 570 98 17.2 9.8 
SE_Tasmania 690 66 9.6 6.6 
Spain 15 3 20.0 0.3 
Strzelecki 450 329 73.1 33.1 
Western_Otways 450 128 28.4 12.9 
Grand Total 3750 995 100.0 

The culling undertaken in the seedling seed orchard was only mild in 

order to maintain high levels of genetic diversity and allow for later age 

culling. However, even this early culling is predicted to result in additive 

genetic gains in both growth and wood density. Assuming the average of 

BALC and BOSC as a regional average for diameter (14.7 cm) and 

Pilodyn penetration (13.33 mm) at age 4 years, the additive genetic gains 

estimated for diameter and Pilodyn penetration at age 4 in the resulting 

open pollination seed are 3.6 and 6.4% over the average of all genetic 

material in the trials and 4.3 and 7.2% over the native stand average, 

respectively (Table 5.4). However, in comparison to the current 

commercial seed resources in use in Argentina E. globulus plantations 

(i.e. Chilean bulks), the genetic gains are estimated to be 4.5% for 

diameter and 4.8% for Pilodyn penetration. 

An alternative strategy is to create a clonal seed orchard, by for example, 

selecting the top tree across all trials in the top 30 families by overall 

genetic merit. Provided all trees grafted successfully, such an orchard 

may offer nearly double the genetic gain compared to the SSO (Table 

5.5). 
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Table 5.5- Predicted genetic gains ( 0/0) in seedling (SSO) and clonal (CSO) 
seed orchards for averaged diameter (DBH) and Pilodyn penetration (PILO) at 
age 4 years over the BALC, native stand and Chilean bulk averages. The 
SSO comprised the 995 remaining trees at BALC and the CSO was expected 
to comprise grafts from the top individual on overall genetic merit from the 
top 30 families across all trials. The positive gain from PILO represent less 
penetration. 

DBH PILO 

Improvement over SSO CSO SSO CSO 
BALC average 3.6 6.3 6.4 13.9 
Native stand average 4.3 5.7 7.2 14.8 
Chilean Bulks 4.5 6.6 4.8 12.4 

The gains estimated are considered 'potential gains' but may not be 

achieved if inbreeding occurs (see Chapters 2 and 3). For example, 

nearly a 10% reduction in diameter growth of seedlots from an open-

pollinated clonal seed orchard compared to controlled outcrosses was 

reported in Chapter 3. Several factors could increase the risk of 

inbreeding through increased selfing or related matings. This could 

occur early in the life of the seed orchard if there are genetic (family or 

subrace) differences in the timing of the onset of reproductive maturity. 

Genetic differences in the age to reach reproductive maturity have been 

reported for E. globulus in Tasmania (Chambers et al. 1997). Another 

major consideration is that genetic based differences in the time of 

flowering through the season may either reduce the density of trees 

flowering at any time as well as result in related trees overlapping more 

in their flowering time. There is evidence of large genetic differences in 

the flowering time amongst races of E. globulus and the trait is under 

strong genetic control (Gore and Potts 1995; Lopez et al. 2000a; Apiolaza 

et al. 2001). However, the trials were designed to attempt to at least 

avoid the problem of asynchronous flowering amongst races by grouping 

families in the trials into sets of similar geographic origin with a view to 

developing seedling seed orchards (see Chapter 3). 

The other major factor affecting the achievement of these predicted 

additive genetic gains is that the breeding values, particularly for 

diameter, may be inaccurate due to violation of quantitative genetic 

assumptions under open pollination (Hodge et al. 1996). As discussed in 
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Chapter 4, key assumptions that could be violated include non-random 

mating, the existence of variable inbreeding depression amongst open-

pollinated families, and the confounding of non-additive genetic effects 

in the estimation of additive genetic variance in the population. The 

importances of some of these later effects are considered in the following 

chapter. 
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Chapter 6 
Maternal and carry-over effects on early 
growth of Eucalyptus globulus 

This Chapter has been submitted for publication and is currently in 

review: 

Lopez GA, Potts BM, Vaillancourt RE and Apiolaza LA (2002). Maternal 

and carry-over effects on early growth of Eucalyptus globulus. Canadian 

Journal of Forest Research (submitted). 

6.1 Introduction 

Estimates of additive genetic variation in a population are important for 

accurate selection and prediction of genetic gain (Falconer and Mackay 

1996; Lynch and Walsh 1998), but these estimates may be confounded 

with other sources of either environmental or genetic variation (Hodge et 

al. 1996; Mazer and Gorchov 1996; Lynch and Walsh 1998; Mousseau 

and Fox 1998; Shaw and Byers 1998). Such confounding may lead to 

over-estimation of the additive genetic variance, and maternal effects are 

a case in point (Shaw and Waser 1994; Lynch and Walsh 1998; Shaw 

and Byers 1998). Maternal effects have been widely reported in plants 

and may influence offspring vigour and fitness (Roach and Wulff 1987; 

Montalvo and Shaw 1994; Byers et al. 1997; Weiner et al. 1997; Lipow 

and Wyatt 1999). These effects may be either genetically or 

environmentally based and are signalled when the maternal effect on 

offspring performance exceeds the 50% expectation from Mendelian 
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inheritance (Lacey 1998). Maternal genetic effects may be due to greater 

maternal nuclear contribution to the endosperm, nuclear (e.g. seed coat 

and integument genes) and extranuclear (chloroplast or mitochondrial 

genome) maternal effects; and non-genetic effects including epigenetic as 

well as biotic and abiotic environmental effects (Roach and Wulff 1987; 

Schmid and Dolt 1994; Mazer and Gorchov 1996; Lacey 1998; Agrawal 

2001). 

Most studies of maternal effects on plants have focused on characters 

expressed early in the life cycle, such as seed mass or size (reviewed in 

Mazer and Wolfe 1998), dormancy and germination (e.g. Schmid and 

Dolt 1994). While most common in the early stages of the life cycle (e.g. 

Roach and Wulff 1987), the expression of maternal effects can persist 

into adulthood (e.g. Helenurm and Scaal 1996) and even flow across 

generations (e.g. Byers et al. 1997; El-Keblawy and Lovett-Doust 1998; 

Wulff et al. 1999). These effects may result from direct or indirect causes. 

For example, maternal effects on seed characteristics such as size and 

germination are common and, as such seed traits can greatly affect early 

seedling growth (Roach and Wulff 1987), they may indirectly persist to 

later stages of the life-cycle (herein termed 'carry-over effects'). 

Studies of direct and indirect maternal effects in plants have focused on 

short-lived annuals (e.g. Helenurm and Scaal 1996; Byers et al. 1997; El-

Keblawy and Lovett-Doust 1998) and there are relatively few studies of 

long-lived forest tree genera. Nevertheless, these studies have 

demonstrated that the environment experienced by parents in a seed 

orchard may affect the expression of phenotypic variation in the 

subsequent generation used for deployment (termed 'seed aftereffects' - 

Andersson 1994; Lindgren and Wei 1995; Johnsen et al. 1996; Stoehr et 

al. 1998). The importance of maternal effects in the genetic architecture 

of forest tree species is also being increasingly studied as tree breeding 

enters more advanced generations (e.g. van Wyk 1976; 1977; 1990; 

Blada 1999; Wu and Matheson 2001). 

The present Chapter examines maternal and non-maternal reciprocal 

effects on nursery and early field height growth of a forest tree 
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Eucalyptus globulus E. globulus is a genetically diverse tree taxon, native 

to south-eastern Australia (Dutkowski and Potts 1999), which is 

variously treated as a species (Brooker 2000) or subspecies (Kirkpatrick 

1975). It is the premier pulpwood Eucalyptus species in temperate 

regions of the world (Eldridge et al. 1993), and there are major breeding 

programs in several countries (Tibbits et al. 1997). As it is in the early 

stages of domestication, most genetic studies and evaluation of this 

species have utilised progenies derived from natural, open-pollination 

(reviewed in Chapter 4). In these open-pollinated progenies, the pollen 

parents are unknown and the female environments may differ markedly. 

Most programs entering advanced generation breeding are based on 

controlled pollination of selections in progeny tests or grafted arboreta 

(Borralho 2001). This allows separation of additive and non-additive 

genetic effects, and more efficient capture of these genetic effects 

through deployment of families propagated through mass controlled 

pollination (Leal and Cotterill 1997; Harbard et al. 1999; Williams et al. 

1999; Harbard et at. 2000). However, a key element in the economics of 

these new seed production systems is the importance of specific 

combining effects (SCA) and the impact of maternal genetic or maternal 

environment on progeny performance. 

For this study, a full diallel mating design was used to assess nuclear 

and maternal effects on seed characteristics and early seedling 

performance. The possibility of detecting maternal cytoplasmic effects 

were maximised by choosing parents with markedly different chloroplast 

genomes. E. globulus contains highly divergent chloroplast lineages 

(Freeman et al. 2001) and the chloroplast genome is maternally inherited 

(McKinnon et al. 2001). As seed weight/size, germination and early 

seedling growth are correlated in this species (Martins-Corder et al. 

1998; Lopez et al. 2000b; Watson et al. 2001), the indirect effects of seed 

and germination traits were separated from the expression of direct 

genetic and maternal effects through nursery and early field growth 

phases. 
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6.2 Materials and Methods 

6.2.1 Plant material and crosses 

The 8 x 8 full diallel crossing design used for this study was conducted 

in the summer of 1997-98. All possible crosses amongst eight parents 

were carried out with reciprocals, mainly using the three-visit pollination 

procedure as detailed by Williams et al. (1999). The parents were 

samples of trees in native stands of E. globulus and represented a 

random sample from both the North-eastern Tasmania (termed North) 

and Southern Tasmania (termed South) races (following Dutkowski and 

Potts 1999). The parental trees were more than 10 km apart and were 

therefore treated as unrelated (see Hardner et al. 1998). 

In addition to the nuclear genetic difference amongst parental trees, 

extranuclear genetic differences were maximised in the mating design as 

parents had extremely divergent chloroplast DNA (cpDNA) haplotypes. 

Following the classification of Freeman et al. (2001), all four parent trees 

from Southern Tasmania had the southern cpDNA haplotype (Js), 

whereas three trees from North-eastern Tasmania had the central cpDNA 

haplotype (Jc) and the other a phylogenetically related but distinctive 

rare eastern (Jet) cpDNA haplotype (Table 6.1). Because the inheritance 

of the cpDNA genome in E. globulus is maternal (McKinnon et al. 2001), 

the reciprocal crossing scheme generated inter-race hybrid families 

possessing on average the same nuclear genetic complement but 

different chloroplast haplotypes as well as intra-race crosses with the 

same haplotype (Table 6.1). 
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Table 6.1- Diallel crossing design with total number of Eucalyptus globulus 
plants in trials by female (y) and male (d) race (North or South, respectively) 
and parent tree identification (Tree ID). Note all flowers from open and 
control pollinated crosses on tree ID 655 were aborted. The chloroplast 
clade of the trees is indicated as (Jc) for central haplotype, (Js) for southern 
haplotype and (Jet) for the rare eastern haplotype. 

North —MTh 	South 

!Tree ID 
Clade! 

655 
Jc 

656 
Jc 

657 
! 	Jet 

: 658 
1 	Jc 

529 
Js 

536 ! 
Js 

659 
Js 

660 I 
Js OP Total 

North 656 Jc 23 35 58 

657 Jet 18 34 13 1 29 41 	1 23 23 27 208 
658 Jc 23 9 35 64 	E 11 	1 25 167 	I 

South 529 Js 34 34 34 25 35 35 36 26 259 

536 Js 35 31 65 64 i 35 35 35 	i 28 328 

659 Js 29 
° 

35 32 26 29 31 182 

660 Js 35 26 10 32 11 331 27 174 

Total 174 134 176 128 131 1 	151 149 ! 134 ! 199 1376 

Controlled crosses and open-pollinated capsules were harvested from 

each female in December 1998. No seeds were obtained from one tree 

(655) as all flowers aborted. Pollen collected from this tree was 

successfully used in crossing onto other trees. For each capsule 

harvested, seed weight was estimated as the total weight of viable seed 

divided by the number of viable seed counted. This trait, hereafter 

referred to as seed weight (sdwt), constitutes the first early character 

analysed in this study. 

6.2.2 Germination and nursery growth 

From each of the crosses derived from the diallel mating (details in Table 

6.1), a sample of up to 40 seeds was selected from one or more seed 

capsules and used in the germination trial. The full sib and open-

pollinated seed lots (families) were sown in a randomised complete block 

design of two replicates. From each seed lot, up to 20 seeds from a single 

capsule were sown in a plastic pot 10 cm diameter with a vermiculite 

seedbed. Normally, the two replicates were from different capsules. 

However for those where the seed number was below 20 per capsule, 

extra capsules were sown into other pots. These pots were allocated to 

additional incomplete replicates until the complete 40 seeds per family 

were sown, or as many as were available. The fact that each pot 
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contained seeds from only one capsule allowed the capsule 

identification, and hence average seed weight, to be tracked throughout 

the germination experiment and progeny trial. Germination was counted 

12 and 20 days after sowing. The germinative capacity of the seed was 

measured as the proportion of seed sown that had germinated (i.e. 

radicle emerged from the seed) by day 20. The proportion of plants with 

cotyledons fully expanded at day 12 divided by the proportion of seed 

germinated at day 20 was used as an estimate of the speed of 

germination (germination rate). 

About three weeks after peak germination, seedlings were individually 

pricked out into pots (12 cm deep) containing a mix of peat, perlite and 

fertilizer, keeping track of their pedigree and germination replicate (and 

hence capsule identity). Three weeks later seedlings were randomly 

allocated into a nursery design comprising 36 randomised blocks of 

single tree plots. However, families with insufficient trees for a complete 

replication were amalgamated to create dummy treatment positions. 

Seedlings were grown in the glasshouse for 26 weeks and then gradually 

hardened off by moving into a shade house and finally outdoors. The 

replicate structure was maintained when seedlings were moved. 

Individual plant height was assessed at 9 and 20 weeks of age (hereafter 

referred to as 2 and 5 months). 

6.2.3 Field trials 

Two field trials were established when seedlings were 6 months old. In 

each case, the germination and nursery replicate of each seedling was 

tracked into the field to allow matching individual field performance with 

seed weight, germinative capacity, germination rate and nursery 

performance. Two sites were selected: one in eastern Tasmania 

(VVeilangta; lat. 420 44' 44" S and long. 1470 49' 25" W); the other in 

Southern Tasmania (Geeveston; lat. 430 09' 40" S and long. 1460 51' 38" 

W). Both sites were ex-native forest. After clear felling, soil was ripped 

and mounded into rows 3 m apart. The plants were planted 3.5 m apart 

within rows. The field trials used a randomised block design with each 

family represented as a single tree-plot. Plants were re-randomised with 



Chapter 6- Maternal and carry-over effects 	 Page 92 

respect to nursery replicates and imbalance treated as previously 

described. The number of field replicates at Weilangta was 18 and at 

Geeveston 17. Measurements of total plant height were undertaken at 1, 

10 and 22 months after planting in the field, when plants were 7, 16 and 

28 months old from sowing. 

6.2.4 Data Analysis 

Analyses of the full sib families were undertaken to quantify genetic 

additive, specific combining ability, reciprocal (maternal and non-

maternal) and carry-over effects for growth and how they change over 

time. The significance of these factors was determined by fitting different 

linear mixed models to the data using the program ASReml (Gilmour et 

al. 2001). 

The first analysis examined factors affecting seed weight on a capsule 

basis using the model equation: 

y = p + F_area + M_area + F_area*M_area + GCA + SCA 

+ maternal + reciprocal + e 

(1) 

where: 

• y is the seed weight per capsule, 

• p is the fixed overall mean, 

• F_area and M_area are the fixed effects of female and male race of 

origin respectively, 

• F_area*M_area is the fixed effect of the male and female race of 

origin interaction term, 

• GCA and SCA are the general and specific combining abilities 

within races respectively, 
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• maternal and reciprocal are the terms accounting for the maternal 

and non-maternal reciprocal effects respectively, and e is the 

residual. 

All random effects (indicated by italics) refer to variation within fixed race 

effects. For example, the GCA and SCA effects refer to variation within 

the levels of F_area and M_area. However, it should be noted that the 

effects relating to the race of origin and the maternal effects do not allow 

genetic and environmental sources of variation to be separated as 

parental genotypes were in natural stands and were not randomised or 

replicated with respect to the environment where crosses were 

undertaken. 

The second type of analysis examined the significance of factors affecting 

the germination traits. The experimental unit for these were sowing pots 

and traits were proportions of seed germinated. For analysis, these data 

were transformed with a probit function and weighted by the total 

number of seed sown in each pot. The mixed model equation fitted was: 

y = p + rep_sown + sdwt + F_area + M_area + F_area*M_area 

+ GCA + SCA + maternal + reciprocal + e 	 (2) 

where, in addition to the terms in model (1), this new model (2) included 

fixed terms to account for the replicate allocated for the germination 

design (rep_sown; only the 2 most complete replicates were included) 

and the covariate seed weight (sdwt). The specific traits analysed were 

the germinative capacity (GC) and germination rate (Grate). 

Growth traits for total plant height measured in the nursery were 

analysed using an individual tree model (Borralho 1995): 

y = p + rep_nursery + sdwt + G_rate + F_area + M_area + F_area*M_area 

+ tree + SCA + maternal + reciprocal + e 	 (3) 

which differs from the previous model (2), in that the glasshouse 

replicate (rep_nursery) was included as a fixed effect, the covariate 
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(Grate) was included in addition to sdwt to account for the importance 

of seed germination rate on growth in the nursery and GCA was 

replaced by the individual tree additive genetic effect (tree). 

The analysis of field growth was undertaken across sites using the 

individual tree model: 

y = p + Site + rep_field + sdwt + Grate + rep_ghouse + F_area + M_area 

+ F_area*M_area + tree + SCA + maternal + reciprocal + e (4) 

where in addition to the terms described for model 3, the fixed Site term 

accounts for the difference between the two sites and rep_field accounts 

for the variation between field replicates within sites. Separate error 

variances were fitted for each site in model 4. Starting values for these 

error variances were obtained from individual site analyses (model 4 

excluding the Site term). The interactions between site and area of origin 

were all very small and thus excluded from the model. 

The significances of the fixed effects were tested with the F-statistics 

using the appropriate error degree of freedom. Fixed effects least square 

means for F_area*M_area and their standard errors were also estimated 

in ASReml using the Predict option. Following Gilmour et al. (2001), 

random effects were treated as significant when the ratio of the variance 

component to its standard error was larger than 2 (Z> 2); not significant 

when the ratio was less than 1 (Z < 1), otherwise significance was tested 

using a likelihood ratio test (Searle 1971). 

6.3 Results 

The only factor significantly affecting seed weight was the maternal 

reciprocal effect (Table 6.2). Seed weight significantly affected 

germinative capacity (P < 0.001; Table 6.2), with lighter seeds tending to 

have lower percentage germination. After accounting for the effect of 

seed weight, there was a significant non-maternal reciprocal effect (P < 

0.001) and also an effect of female race on germinative capacity (P < 

0.05; Table 6.2). The rate of germination was independent of seed weight 
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but exhibited significant non-maternal reciprocal (P < 0.001) and female 

race (P < 0.001) effects. No other factors tested exhibited a significant 

effect on either germinative capacity or germination rate. The significant 

fixed effect of female race (F_area) was due to the southern race having 

significantly higher germinative capacity and rate than the northern race 

(Figure 6.1). 

Table 6.2- Factors affecting seed weight (sdwt), germinative capacity (GC) 
and germination rate (Grate) in Eucalyptus globulus. Z values are 
presented for the random effects which include general combining ability 
(GCA), specific combining ability (SCA), reciprocal maternal and reciprocal 
non-maternal effects. F values are presented for fixed effects which include 
replicate from the germination experiment (rep_sown), terms to account for 
the female (F_area) and male (M_area) race of origin and their interaction 
(F_area*M_area) and the covariate to account for seed weight (sdwt). 
Significance of effects are given as: ns = not significant; * P < 0.05; ** P < 
0.01 and *** P < 0.001; NT = could not be tested. 

sdwt GC G_rate 

Source of variation Z / F P Z / F P Z / F P 
Random effects 

GCA 0.00 ns 0.00 ns 1.43 Ni' 
SCA 0.00 ns 0.00 ns 0.00 ns 
reciprocal maternal 1.40 *** 0.00 ns 0.00 ns 
reciprocal non-maternal 1.98 ns 2.47 *** 2.46 *** 

Co-variate 
sdwt 20.63 *** 3.54 ns 

Fixed effects 
repl_sown 6.50 * 0.00 ns 
F area 0.15 ns 5.08 17.63 *** 

M_area 1.33 ns 1.97 ns 0.89 ns 
F area*M_area 0.32 ns 0.29 ns 0.00 ns 
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Figure 6.1- a) Proportion of germinative capacity (GC) and b) germination 
rate (G_rate) least square means of Eucalyptus globulus seed lots (in the 
abscissa) which differed in their female and male race of origin (S = South 
and N = North). Female origin is stated first in the cross direction. The 
effect of female area was significant for germinative capacity (P < 0.05) and 
germination rate (P < 0.001). 

Apart from nursery replicate, the only significant factor affecting nursery 

growth was the non-maternal reciprocal effect (P < 0.05; Table 6.3). This 

effect was highly significant when the covariates seed weight and 

germination rate were excluded from the model for both nursery 

measures (data not shown). However, the reciprocal effects for the 

earliest nursery measurement disappeared when the covariates were 

included in the model (Table 6.3). Plant height in the nursery was 

strongly affected by the co-variates germination rate (2 months P < 0.001 

and 4 months P < 0.01) and seed weight (P < 0.001). However, their 

effects decreased markedly with plant age and were insignificant after 

the first (germination rate by 16 months) and second (seed weight by 28 

months) seasons' field growth respectively (Table 6.3). 
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Table 6.3- Carry-over and other genetic and non-genetic effects on the 
growth of Eucalyptus globulus. Significance of effects that influenced 
height growth at 2 and 5 months in the nursery (Nurs 2 and Nurs 5), and 7, 
16 and 28 months in the field (Field 7, Field 16 and Field 28) are shown. 2 
values are provided for random effects including individual additive genetic 
(tree), specific combining ability (SCA), reciprocal maternal and reciprocal 
non-maternal effects. Also included are the F values for co-variates to 
account for seed weight (sdwt) and germination rate (Grate) and the fixed 
effects of nursery replicate (rep_nursery), field site (Site), replicate within 
field trials (rep_field), and the female (F_area) and the male (M_area) race of 
origin and their interaction (F_area*M_area). The significance of effects are: 
ns = not significant; * P < 0.05; ** P < 0.01 and *** P < 0.001.tested. 

Source of variation 
Nursery height growth Field height growth 
Nurs 2 Nurs 4 Held 7 Field 16 Field 28 

Z/F P Z/F P Z/F P Z/F 	P Z/F 	P 
Random effects 

tire 1.15 as 0.48 as 1.05 ns 0.76 as 0.82 ns 
SCA 0.00 as 0.00 as 0.00 as 1.30 as 1.62 as 
reciprocal rratemal 0.59 as 0.00 as 0.00 as 0.00 as 0.59 as 
reciprocal non-matemal 0.48 as 1.70 * 2.10. 0.00 as 0.00 as 

Co-variates 
sdwt 123.79 60.45 *** 22.19 *•• 15.15 *** 1.13 as 
G rate 26.99 *** 9.34 ** 1.81 as 0.29 as 0.56 as 

Fixed effects 
rep nursery 1.87 ** 1.90 •  ..* 1.11 as 0.88 as 
Site 10.33 *I` 591.62 891.74 *** 
rep field 1.29 as 4.10 *** 4.84 *** 
F area 0.09 as 3.85 as 1.36 as 0.99 as 3.13 as 
M area 2.01 as 3.12 as 2.03 as 0.74 as 0.18 as 
F area*M area 0.68 as 2.94 as 0.91 as 4.76 * 6.80 ** 

Significant environment effects on growth in the nursery were detected 

through the replicate effect in the nursery experimental design (Table 

6.3). These environmental effects however were transient and, while 

carried-over to the first field assessment after planting (P < 0.001), they 

rapidly became insignificant and were overshadowed by the increasing 

significance of the effect of field site and variation between field 

replicates with age (Table 6.3). 

Neither the effects of female or male race, nor additive, specific 

combining ability and maternal reciprocal effects, had a significant 

impact on growth at any age (Table 6.3). The significant non-maternal 

reciprocal effects on growth detected in the nursery did not persist 

beyond the first field measurement. In contrast, genetic effects expressed 

as an interaction between males and females from different races, were 
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initially insignificant, but increased with age to become statistically 

significant at 16 (P < 0.05) and 28 months (P < 0.01). This interaction 

was mainly due to differentially fast growth of plants derived from 

crossing northern females with southern males compared with the 

reciprocal crosses (Figure 6.2). This effect was also evident when the five 

crosses with reciprocals were compared overall using a paired t-test, 

although individual comparisons between- reciprocal crosses were not 

significant at this stage (Table 6.4). 

a) 

b) 

NxN NxS SxN SxS 

Figure 6.2- a) Field height (cm) least square means at 16 and b) 28 months 
after sowing of Eucalyptus globulus plants which differed in their female 
and male race of origin (S = South and N = North). Female origin is stated 
first in the cross direction. The difference between the four cross types was 
significant at 16 (P < 0.05) and 28 (P < 0.01) months. 
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Table 6.4- Comparison of growth between reciprocal inter-race crosses in 
Eucalyptus globulus. Least square mean height (cm) after 2 years in the 
field for those families where reciprocal crosses between the two contrasting 
races (N = North, S = South) were available. Female race of origin is 
indicated first in the cross direction. The overall difference between NicS 
and SxN reciprocal crosses was positive indicating that while on average 
these families share the same nuclear genetic complement, seedling growth 
was better when the mother originated from the North race. The probability 
(F') of a significant difference for each specific pair was estimated with a 2 
tailed t-test. While individual tests were not significant at this stage, the 
overall t-test was significant (P < 0.05) indicating that there was an overall 
difference between reciprocal crosses. The female parent of the cross is the 
first number in the family code. 

Cmss diredion Nx S Cites direction S x N Wan 
Difference P Fanily Mean SE Family an SE 

a57_5 389.30 36.00 529M57 319.90 11.70 60.34 0.08 
087_536 408.30 18.30 536 657 382.50 11.90 25.81 0.25 
657_650 390.00 19.90 659 657 364.10 12.70 25.94 0.28 
087_600 33920 23.70 660 657 343.30 21.70 4.05 0.90 
658 536 374.50 15.10 536 658 361.70 12.30 12.74 0.52 
Ab6- WI carnage 	 + 25.96 

6.4 Discussion 

6.4.1 Seed effects 

The present study reveals a complex of genetic and non-genetic factors 

affecting early seedling growth in E. globulus. Carry-over of maternal 

variation in seed weight, and maternal race and non-maternal reciprocal 

effects on germination rate impact on early nursery growth. Maternal 

effects on seed size or seed weight are often highly significant in plants 

(e.g. Roach and Wulff 1987; Waser et al. 1995; Byers et al. 1997; Lipow 

and Wyatt 1999), and E. globulus is no exception. Both genetic and 

environmental factors affect the variation in seed weight between 

maternal trees from the different races, as controlled pollinations were 

undertaken on trees in native stands. For example, maternal variation in 

altitude at four different sites has been shown to influence seed weight 

in a closely related species, E. nitens (Williams 2000). Variation in seed 

weight was a major factor affecting the germinative capacity of seed in 

our experiment. This no doubt reflects the fact that bigger seeds have 

greater germinative capacity in E. globulus (Martins-Corder et al. 1998; 
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Lopez et al. 2000b), as seed density has been shown to have little effect 

on either germinative capacity or germination time (Watson et al. 2001). 

There are significant non-maternal reciprocal effects on both germinative 

capacity and germination rate which are difficult to explain, but may 

represent within canopy variation in seed maturation, testa thickness or 

physiological status (Roach and Wulff 1987). There was a maternal 

effect on both germinative capacity and germination rate which was 

expressed at the racial level and was due to seed from southern 

Tasmania trees germinating better and more rapidly than those from the 

north. Provenance variation in germination response has been reported 

in other Eucalyptus species (E. viminalis, Ladiges 1974; E. delegatensis, 

Battaglia 1997 and E. nitens, Humara et al. 2000). However, in these and 

our experiment, it is not possible to differentiate additive genetic from 

maternal environment effects on germination, as seeds were harvested 

from trees in different native stand localities. 

Early seedling growth was strongly and independently affected by seed 

weight and germination rate, but little influenced by genetic or non-

genetic factors. Bigger or heavier seed are well known to produce faster 

growing seedlings in many plant genera (e.g. Wulff and Bazzaz 1992; 

Mazer and Gorchov 1996; Byers et al. 1997), including Eucalyptus 

(Martins-Corder et al. 1998; Lopez et al. 2000b; Watson et al. 2001). In 

the case of Eucalyptus, this association most likely reflects greater 

resource availability to the developing seedling from larger cotyledons 

(Soden 1961) which may have adaptive consequences (see Hewitt 1998). 

In the present study, the early-over effect of variation in seed weight is 

surprisingly persistent, lasting even after one year's field growth but is 

lost after two years. Similarly, Grose and Zimmer (1958) reported that in 

E. maculata and E. sieberiana seed size not only affected germination 

speed but also plant growth and this effect persisted for at least 16 

weeks. By contrast, the magnitude of the carry-over effect of germination 

rate was less and clearly more transitory than that of seed weight, and 

was only evident in the nursery. Similarly, environmental variation in 

seedling growth rate due to nursery replicate was also small and 

transitory. The effect of this environmental variation in the nursery was 
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lost after field planting as large environmentally induced differences in 

growth rate developed between and within the field sites. 

6.4.2 Genetic effects on growth 

No significant additive genetic variation was detected in nursery or early 

field growth in these E. globulus trials, either within or between races. 

However, there is evidence for a significant male by female interaction at 

the racial level. This effect is unlikely to be a reflection of the carry-over 

effects discussed previously as the later effects decrease with age 

whereas the interaction effect appears to be increasing with age. The 

later would argue that the interaction is the expression of a genetic effect 

which, due to its reciprocal nature, most likely reflects some form of 

cyto-nuclear interaction. Cyto-nuclear interactions have often been 

reported in plant species, particularly in the form of cyto-nuclear 

incompatibilities at the interspecific level (Cruzan and Arnold 1999). 

Such interactions may well arise through interactions of nuclear genes 

with different cytoplasmic genes (either mitochondrial or chloroplast) 

carried by these reciprocal crosses, but in this case such interactions 

appear to be having a positive rather than negative effect with the better 

performance of N x S inter-race cross compared to both intra-race 

crosses and the reciprocal S x N inter-race cross. This maybe due to the 

haplotypes present in the Northern trees (Jc and Jet) interacting well 

with nuclear genes from the South. Nevertheless, the possibility that the 

cyto-nuclear interactions originate from mitochondrial polymorphisms or 

epigenetic effects that by chance have the same genetic partitioning 

(North vs South) cannot be discounted. These field trials will be 

monitored at four years and later ages to see if these interactions 

continue to increase with age. 

6.4.3 Implications 

With seed weight exhibiting a significant maternal effect, and having a 

relatively persistent carry-over effect on early growth, the present study 

suggests that female based heritability estimates for very early growth in 

E. globulus (e.g. OP progenies; reviewed in Chapter 4) may partly reflect 

genetic or non-genetic carry-over effects of seed weight. These carry-over 
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effects would argue against the possibility of undertaking very early 

selection for growth unless seed weight is accounted for and could also 

inflate early-age heritability estimates. However, such carry-over effects 

are unlikely to bias later estimates of heritability in the field as they are 

transient and the general trend is for an increase, rather than a decrease 

in heritability for growth with age in forest trees (Wei and Borralho 

1996), and E. globulus in particular (see Chapter 4). 

The carry-over effects of environmental variation in the nursery on early 

growth have been a concern because in many cases seedlings are grown 

in family blocks in the nursery for practical reasons, prior to their 

randomisation for field trial establishment. As each family is grown in a 

different position in the nursery, it is possible that environmental effects 

could be carried over into the field and be confounded with estimates of 

genetic effects. This could cause an inflation of the estimates of additive 

and SCA genetic variation in the case of open-pollinated and factorial 

matings respectively. However, the present study shows that such 

nursery environmental effects are likely to be small and not persist in 

the field. 

Dominance effects on growth can be as large as additive genetic effects 

in E. globulus (Vaillancourt et at. 1995; Hodge et al. 1996), and 

exploitation of such effects through the deployment of elite full-sib 

families is being considered (e.g. Leal and Cotterill 1997; P. Gore pers. 

corn.). These effects are estimated from SCA deviations of single families 

without consideration of the directionality of the cross. If maternal or 

non-maternal reciprocal effects on growth are significant, these effects 

will be confounded with estimates of SCA effects in crossing designs 

such as factorial matings where reciprocal crosses are not included. In 

the present case, the SCA effect is estimated using both reciprocal 

crosses in most cases and is insignificant whereas there is evidence for a 

significant reciprocal effect, at least at the racial level. The present result 

therefore suggests that in the absence of reciprocals, SCA estimates 

could be confounded with significant interactions between the cytoplasm 

(genetic or environmental) and nuclear genes. This has implications for 

programs aimed at deploying elite full sib families identified in field tests 
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as the crosses must be produced for deployment in the same direction as 

initially tested. Such a constraint reduces the flexibility to choose the 

genotype with the best graft compatibility, self-incompatibility (Patterson 

et al. 2001) and reproductive output to act as the female in the seed 

production system. 

If the female x male area of origin interactions do prove to be stable and 

are caused by cyto-nuclear interactions, rather than by the maternal 

environment or its interaction with nuclear gene effects, they would have 

to be taken into account in genetic evaluation models. If such effects 

can be predicted from knowledge of the cytoplasmic haplotypes there is 

the possibility that extra gains could be added to family performance on 

top of that predicted by parental breeding values if the direction of the 

cross can be chosen. While further research is clearly required, the best 

scenario in E. globulus would be one where these interactions would be 

predicted from their chloroplast haplotypes. These are easily determined 

in molecular laboratories and because of the maternal and non-

recombining nature of chloroplast inheritance (McKinnon et al. 2001), it 

would have to be done only once on all base parents in a breeding 

program. 
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Chapter 7 
General Conclusions 

This Thesis is one of the most detailed studies of the quantitative genetic 

variation in Eucalyptus globulus to date. It has used both large-scale 

base population trials of open-pollinated progenies as well as trials of 

full-sib families from specific mating designs to provide novel insights in 

the genetics of this important plantation species. While focusing on 

growth traits, numerous other traits have been studied ranging from 

indirect measures of wood density to the timing of the transition to adult 

foliage. The Thesis has studied genetic effects expressed at various stages 

in the life-cycle from germination to 10 years field growth. It reports one 

of the few genetic studies of a diallel mating design in the genus, and is 

the first study of how maternal factors affect growth in E. globulus. It 

also examines the effects of inbreeding and hybridisation on fitness. It 

has not only used this information to provide insights into the genetic 

and biology of the species, but used it to exploit the genetic diversity in 

an Argentinian base population to provide genetically improved seed for 

plantations destined for pulpwood production. The conclusions from this 

thesis are presented in the following major points. 

7.1 Hybrid breeding 

While hybridisation is often used as a means of breeding elite genotypes 

in eucalypts, the present study shows that in cases, strong reproductive 

barriers and high levels of hybrid inviability may complicate this strategy. 

While the hybrid combination examined in Chapter 2 was not of 

commercial interest, there are several points of interest to breeders which 
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have emerged from this study. Firstly, there may be major barriers to the 

production of hybrid seed that will significantly increase the cost of 

hybrid seed production. In the case of the large-flowered E. globulus, 

there is a unilateral barrier to artificial hybridisation with small-flowered 

species such as E. ovata. However, hybridisation using E. ovata as the 

female was just as successful as outcrossing with unrelated E. ovata 

pollen. Secondly, there may be post-zygotic barriers expressed 

throughout the life cycle that reduces the probability of obtaining 

vigorous F1 hybrids. Thirdly, assessment of hybrid performance based 

on early field growth may give a misleading impression of hybrid vigour. 

In the present case, the initial field growth of the F1 hybrids between E. 

ovata and E. globulus was reasonable, but mortality rapidly ensued with 

few surviving to reproductive maturity. The fourth point is that the 

relative vigour of these hybrids would have been considerably over 

estimated if they had been compared to open-pollinated as opposed to 

control pollinated progeny of the pure species. Finally, while flowering 

time is often inherited in an intermediate manner in the F 1 , the present 

study indicates that this may not always be the case and quite strange 

responses can be obtained. In the case of E. globulus and E. ovata, the 

flowering of the pure species is virtually synchronous, but the flowering 

of the F 1  does not overlap with either species. 

7.2 Differentiation of native stand localities 

The establishment of large, genetically diverse base populations is an 

important foundation for the domestication of any new eucalypt species. 

The present study clearly shows that the expression of spatial patterns of 

genetic diversity in native forest are stable and can be expressed in 

different environments transgressing northern and southern 

hemispheres and in independent seed collections (Chapter 3). Breeders 

can therefore be guided in their choice of genetic material for 

introduction by quantitative genetic information on, for example, 

provenance differentiation reported from other countries. 

This Thesis has shown significant genetic differentiation between native 

stand localities represented in the Argentinian base population in most 
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traits. Tasmanian and Victorian localities were clearly genetically 

differentiated. The study has helped clarify racial boundaries within 

Tasmania with the affinities between the Cygnet and Moogara locality 

suggesting that the Cygnet should be included in the South-eastern 

Tasmanian race. This means that the boundary between the Southern 

and South-eastern Tasmanian races of this species has to be further 

south than previously indicated (Chapter 3). 

7.3 Land race differentiation 

With eucalypts having been rapidly introduced into many countries 

around the world, land races adapted to local exotic environments have 

developed for many eucalypt species, and E. globulus is no exception. The 

extent of differentiation of these land races from each other and native 

stand material is of increasing interest as the rate of eucalypt germplasm 

exchange around the world is increasing rapidly. 

Chapter 3 shows that the various land race samples of E. globulus were 

genetically different. They fell within the range of variation found for the 

native stand localities, but generally had closer affinities to native stands 

from southern Tasmania. The land race samples different in their degree 

of genetic improvement and this, rather than the country from which 

they were derived, was the main factor affecting their growth performance 

(Chapters 3, 4 and 5). Many native stand populations were superior in 

growth to land races; hence native stand re-introductions may be a way 

to more rapidly obtain improved genetic material, but land races had 

better form on average than native stand seed lots. This good form in 

land races has a genetic basis, and may be due to artificial selection. 

7.4 Genetic variation within populations 

Not only was there marked genetic differentiation between provenances 

(localities or subraces) of E. globulus, the present study also indicates 

significant genetic variation occurs within populations for most traits 

(Chapter 4). Estimates of heritabilities from the trials in Argentina were 

generally comparable with values reported in the literature for this 

species. Heritabilities were low for forking, survival and form; 
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intermediate for growth and bark thickness; and high for Pilodyn 

penetration and transition to adult foliage. There was strong positive 

genetic correlation between the same trait measured at different sites and 

ages. Correlations amongst subrace effects (Chapter 3 and 4) were 

generally consistent with the family within subrace correlations, but to 

some extent lower and less significant (Chapter 4). Growth traits were 

genetically independent from other key breeding traits (Chapter 4 and 5). 

7.5 Application in tree improvement 

A selected population of E. globulus aimed to maximise pulp per hectare 

in Argentina scenario, will be characterised by a preponderance of 

genetic material from native stand localities in Victoria (Chapter 5). 

The strong across site genetic correlations reported in Chapter 4, indicate 

that low levels of genotype x environment interaction occur across the E. 

globulus planting zone in Argentina. In this case, a single breeding and 

deployment population is considered an appropriate strategy. In addition, 

the key selection criteria are genetically independent meaning each trait 

can be selected without demerit to other traits. However in multivariate 

selection, a trade-off will result in a more modest level of improvement for 

each of the traits considered into the combined criteria (Chapter 5) than 

selection for one of those traits individually. In the present case, only 

modest genetic gains in growth and wood density will be expected from 

the initial conversion of one of the trials to a seedling seed orchard. 

However, these gains can be increased with future culling or 

establishment of a clonal seed orchard. 
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7.6 Limitations on parameter estimation 

Accurate and robust estimates of genetic parameters are important, as 

they are required to estimate breeding values and hence accurate 

selection. The estimates presented for diameter were similar in precision 

under a uni- and multi-variate analysis (Chapter 4 and 5). Such results 

may be due to the good balance of data derived from the trials included 

in a base population of E. globulus in Argentina, mostly with high 

survival. However, the issue is not so much the statistical precision of 

estimation rather the genetic precision that can be expected given the 

assumptions made in the quantitative genetic models. Genetic 

parameters in E. globulus usually are estimated from open-pollinated 

progenies in base populations during the early stages of domestication 

(Chapter 4). These estimates may be bias by inbreeding depression 

(Chapter 2 and 3), as well as specific combining (SCA), maternal and 

carry-over effects (Chapter 6). 

7.7 Inbreeding depression 

Variation in inbreeding depression is likely to be one of the major factors 

biasing the estimation of genetic parameters and breeding values from 

native stand seed collections of eucalypts. 

Inbreeding depression following selfing is common in eucalypts and often 
severe as in the case of E. globulus and E. ovata (Chapter 2). In one of the 

most long-running studies in eucalypts, it is shown that selling can 

result in reduced fitness at virtually all stages in the life cycle. Previous 

reports had indicated inbreeding depression for growth and survival was 

marked in E. globulus, but the present study suggests that it may be 

even more severe in the previously unstudied species, E. ovata. 

Open-pollinated (OP) progenies from both native stands (Chapter 2) and a 

clonal seed orchard in Portugal (Chapter 3) exhibited growth depression 

compared with outcrosses, clearly indicating significant inbreeding is 

occurring under this mating system. In the case, of E. globulus factors 
influencing outcrossing rate therefore are likely to have a major impact 
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on progeny performance and hence the ability to accurately assess the 

parental and progeny breeding values. This is a problem common to all 

exploiting base populations from native stand seed collections where it is 

possible that the poor performance of some of the open-pollinated 

progenies may have been due to inbreeding which masks the true genetic 

merit (Chapters 3 and 5). 

7.8 Maternal and carry -over effects 

Other factors that could cause bias in genetic evaluation of open-

pollinated progenies include unaccounted non-additive genetic effects, 

such as those arising from maternal effects. Maternal based sources of 

variation are present in E. globulus seed traits and the effects of such 

factors on growth are carried-over through the early life cycle but are 

short-lived (Chapter 6). Rapid germination and large seeds resulted in 

larger seedlings in the nursery, but these effects disappeared after two-

years field growth. Additive and SCA effects were insignificant at this age 

but the interaction between males and females was significant at the 

racial level, with reciprocal inter-race hybrids differing in performance for 

parents that differed in chloroplast haplotype. This is the first evidence 

for cyto-nuclear interactions affecting growth within a eucalypt species. If 

such effects prove to be common, it may be important to account of cross 

direction in genetic evaluation models. It may also be important to 

maximise gains from mass controlled pollinated seed production systems 

being developed for E. globulus. 

7.9 Closing comment 

In conclusion, breeding in eucalypts, as well as many other forest tree 

genera, has up until now mainly focused on pragmatic assessment of 

genetic variation aimed at exploiting open-pollinated native stand or land 

race base population seed collections. While gains can no doubt be made, 

the genetic assumptions used are potentially an over-simplification of 

complex genetic models. Such genetic complexities have been highlighted 

in the present study. How important they will prove to be in eucalypt 

breeding is yet to be fully ascertained. There have been major advances 

in the statistical approach to quantitative genetic analysis in the last 
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decade, with extremely powerful software now available. However, the 

precision of such analysis still resides to a large extent on the accuracy of 

the quantitative genetic model upon which they are based. More research 

is clearly needed to clarify the importance of the various quantitative 

genetic components contributing to phenotypic variation. A better 

understanding of these effects offers the promise of potential gains in 

breeding and deployment through taking advantage of, for example, the 

difference in the direction of reciprocal mating amongst trees. Once 

better defined, there is great opportunity for innovative strategies to 

capture these effects, such as systems of mass control pollination for 

deployment. 
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