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Abstract

This thesis examines the quantitative genetics of intra- and inter-specific
hybrids of E. globufus ssp. globulus and E. nitens. The trials established to make
this study are unique in forestry, due to the fact that the same parents have
been used in open-pollination, intra- and inter-provenance (or intra-species)
crosses and inter-species F1 hybrids. This has allowed direct comparison of
genetic parameters derived from different cross types. The traits examined
include frost resistance using an electrical conductivity method, growth
(diameter at breast height over bark DBHOB, at ages 2, 3, 4, 6 and 10 years)

and Pilodyn penetration at age 6 years as an indirect measure of wood density.

The results demonstrate that the measured performance of frost, growth and
Pilodyn traits in the inter-specific Fr hybrid E. nitens x globulus is always
intermediate or comparable with one or other of the parent species. [n the
frost trait, the inter-specific hybrid was no better than the frost sensitive L.
globulus, so there is no overall advantage in producing the hybrid for this trait.
Negative mid-parent heterosis was observed for early age growth traits in
inter-specific E. nitens x globulus F1 hybrids involving Taranna E. globulus male
parents. The inter-specific F1 hybrids demonstrated generally poor survival
and a high proportion of abnormal and slow growing phenotypes, which
eventually died. This latter phenomenon was not evident in pure species

crosses, either within or between provenances.

It is shown that in E. globulus open-pollinated progeny estimates of additive
genetic parameters are inflated and that breeding values for growth in E.
globulus are poorly estimated, possibly due to the confounding effects of
variation in inbreeding. This was not the case for fraits of high heritability
such as Pilodyn. Within the E. nitens population studied, open-pollinated
estimates compared well with control-poliinated estimates for all traits.
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Genetic parameter estimates from control-pollinated progeny indicate low
heritability for growth in E. globulus which diminish over time. Dominance
effects were low and comparable with additive genetic effects but were site
specific. In E. nitens heritability for growth is moderate to high, tending to
increase over time with significantly low levels of dominance, which diminish
over time. Pilodyn has low to moderate heritabilities with low levels of
dominance in both species. Moderate levels of heritability were demonstrated
for frost resistance in both species, but dominance effects could not be

accurately estimated.

The correlation of performance of parents in intra-specific crosses through
their General Combining Ability (GCA) is compared with performance in
inter-specific hybrids through General Hybridising Ability (GHA). It is shown
that there is little or no correlation between GCA and GHA in inter-specific F
hybrids for growth or frost resistance, but there was a good correlation for
Pilodyn. This indicates that, for growth and.frost resistance, there may be
different genes, which contribute to expression between species and these may
not combine according to classical quantitative genetic theory. In contrast,
within E. globulus there was very high correlation of within-provenance GCA
with between-provenance GHA for growth and Pilodyn, indicating the same

genes are acting within the species, regardless of provenance.

It is demonstrated that standard quantitative genetic models do not cope
adequately with inter-specific F1 hybrid populations for growth traits in this
case. In addition, the }implication for breeding and deployment of inter-
specific F1 hybrids is compromised by the lack of ability to predict
performance of potential hybrid combinations from pure species performance

of parents.
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Chapter 1: Introduction

Chapter 1: Introduction

Tree breeding history

The breeding of forest trees is a relatively new phenomenon compared to the
long history of crop breeding. Specific varieties of trees have been developed
for ornamental use for hundreds of years, however until the widespread use
of trees in intensively managed plantations on very large areas in the 20%
Century there was probably little perceived need for active tree breeding
programs. Breeding programs for commercial forest species were relatively
few until the 1930’s when activity appeared to be starting in earnest (Wright
1976). Many of these programs were interrupted during the Second World
War and resumed in the 1950’s. The main activity was in Pseudotsuga
menziessi in NW USA and Europe, southern pines in SE USA and Queensland,
Australia, Pinus radiata in Australia and New Zealand, Pinus sylvestris in
Britain and Europe, Picea species in Scandinavia, Populus in Europe, USA and

Australia (Zobel and Talbert 1984).

In most cases government institutions or Universities undertook these
programs, as long lead times involved with testing and selection made them
unattractive for industrial investment. Industry generally participated
through funding research in these institutions, buying the products of the
breeding program as seed and participating in co-operative breeding
programs with other companies providing funds for the work to be carried on

by the institutions.
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Private investment in tree breeding programs is now common for the

following reasons:

» large scale plantation developments over many
- thousands of hectares often owned and operated by a

single industrial processor (Brown 2000);

e improvements in silviculture (Cromer et al. 1975;

Campinhos 1980; Talbert 1995);

e demonstrated genetic advancement in growth and other
traits (Shelbourne 1991; Perrow (MacRae) and Cotterill

2000; Wei and Borralho 2000);

» increased understanding of relationship between fibre
properties and production processes (Bamber 1985;
Malan 1988; Bouvet and Bailleres 1995; Dean 1995;
Fonseca et al. 1995; Raymond 1995; Tibbits ef al. 1995;
Williams ef al. 1995; Zobel and Jett 1995; Greaves and
Borralho 1996; Greaves et al. 1997a; Kibblewhit-e et al.

1998; Cotterill et al. 1999);

* documented breeding strategies which have led to
reduction in generation times through gréater focus on
early selection (Cotterill 1984; Cotterill 1986a; Cotterill

1986b; White 1987);
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e the development of vegetative propagation techniques,
enabling clonal forestry (Campinhos and Tkemori 1984;
Wilson 1993; Zobel 1993; Bertolucci et al. 1995; Wilson
1995; Borralho 1997; Cotterill and Brindbergs 1997;

MacRae and Cotterill 1997; Haines 2000);

e international trade in seed, selected propagules and

genetic information.

The scale and complexity of some programs has led to the establishment of
national (Arnold et al. 1991; Greaves 1994; Jarvis et al. 1995) and international

co-operative breeding programs (Davidson 1977).

Eucalypt breeding

Eucalyptus had become the most widely planted hardwood genus in the world
by the early 1990’s and the annual plantation establishment has continued to
expand {Brown 2000). While eucalypts were being planted in many places
throughout the tropics and warm temperate areas of the world there was very
little formal tree breeding activity until the 1980’s (Eldridge et al. 1993). The
earliest recorded evidence of formal studies of crossing and breeding activity
comes from the Balkans in Russia by Pilipenka (1969) who reported on studies
of eucalypt hybrids made in the 1930’s. There were other studies of eucalypt
genetics and genecology which have been reviewed by Eldridge et al. (1993)
and Potts and Wiltshire (1997). These reviews show that most research
studied patterns of variation in natural stands, species trials or provenance

tests and tried to explain spatial variation in morphological differences.
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In recent times, there has been much international activity in breeding and
selection of Eucalyptus. There have been a number of international
conferences with genetic improvement of eucalypts as a major theme in the
last decade (Schonau 1991; Potts et al. 1995a; Higa et al. 1997; Dungey et al.
2000b; Anon. 2001). Examples of more advanced breeding programs include:
E. grandis and various other species in South Africa (van Wyk 1985; van Wyk
1990; Verryn 2000), Florida, USA (Franklin 1986), E. grandis hybrids in Brazil
(Brune and Zobel 1981; Campinhos and Tkemori 1989), E. robusta in Florida
(Dvorak et al. 1981), E. gunnii and hybrids in France (Cauvin 1983; Potts and
Potts 1986), Eucalyptus urophylla x grandis in Congo (Chaperon 1977; Cremiere
1988; Vigneron 1988; Vigneron 1995), E. globulus in Portugal (Borralho 1992;
Almeida et al. 1995), Spain (Soria and Borraltho 1998), Chile (Arnold et al, 1991;
Jayawickrama et al. 1993), Argentina (Lopez ef al. 2001b) and Australia (Jarvis
et al. 1995) and E. nitens in Australia (de Little ef al. 1993; Tibbits and Hodge
1995), Chile (Jayawickrama et al. 1993) and New Zealand (Cannon and
Shelbourne 1991; Gea et al. 1997).

Basic quantitative genetic parameters, such as the proportion of additive
genetic variance (expressed as narrow sense heritability) and genetic
correlation between traits for eucalypts were not reported until the 1970's
(Eldridge 1971; Eldridge 1972; van Wyk 1976; 1977; Kedharnath and
Vakshasya 1978). There was very little additional reporting until the early
1990’s indicating that very few formal studies of breeding had been
undertaken (Eidridge ef al. 1993 p.175; Potts and Wiltshire 1997). Eucalyptus
" globulus is the species in which probably the most reports of narrow sense
heritabilities of growth traits and wood quality have been made (Lopez et al.
2001a). Advanced generation breeding and selection on a large scale with
Eucalyptus is a relatively recent phenomenon. Despite this lack of breeding

work, eucalypts have become the most widespread genera used in plantation
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forestry throughout the world (Brown 2000). Seed has been obtained from

collections in:

e natural stands in Australia;
¢ plantations;
¢ individual trees or groups of trees in parks and gardens;

¢ special plantings such as seedling seed orchards which
were usually derived from phenotypic selections of better

performing trees in plantations (Eldridge et al. 1993).

In the first case there was little or no knowledge of genetic variation and other
relevant parameters. Provenances were separated on the basis of geographic
characteristics rather than genetics. In the latter three cases the genetic
background of the selections was usually indeterminate. It is thought that
where land races (defined by Zobel and Talbert 1984 p.89; and further refined
by Eldridge ¢t al. 1993} have developed from these original seed collection
activities, there has been a build up of inbreeding and on-average, poorer
performance with each geheration (Eldridge et al. 1993). It is only where land
races have been based on a large number of unrelated individuals that there
has been an opportunity for ongoing genetic improvement. = Many
organisations involved in eucalypt plantations have commenced broad-based
breeding programs, often returning to native eucalypt stands to broaden the

genetic base (Eldridge 1995).

Tree breeding programs rely on the exploitation of additive genetic variance
or general combining ability (GCA) (Zobel and Talbert 1984; Eldridge et al.

1993). It is only where there is an opportunity for mass controlled pollination
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or vegetative propagation that dominance genetic variance or specific
combining ability (SCA) can be exploited (Zobel and Talbert 1984; Shelbourne
et al. 1997; Rezende and de Resende 2000), generally through the use of
reciprocal recurrent selection (Allard 1960; Matheson 1990; Bouvet et al. 1992;
Dieters and Dungey 2000; Kerr et al. 2000; Potts and Dungey 2001).

Despite the aforementioned early lack of genetic studies in eucalypts,
breeding and selection programs proceeded via seed production stands and
open-pollinated seed orchards (Eldridge et al. 1993). Inter-specific hybrids
have been selected for commercial vegetative propagation since the early
1960’s (Franclet and Boulay 1982; Campinhos and Ikemori 1984; Martin 1989;
Campinhos 1999; Dungey and Nikles 2000). In this time the use of hybrids has
become widespread, despite the uncertainty of the genetic background of the

material used (Eldridge et al. 1993; Dungey and Nikles 2000).

Most early stages of domestication involve exploitation of base populations
derived from range wide open-pollinated seed collections. The efficiency of
selection from such populations depends upon the accuracy of genetic
parameters derived from open-pollinated progeny. The present study
explores the genetic variation within and between two provenances of
Eucalyptus globulus. A direct comparison of genetic parameter estimation
through use of open-pollinated and control-pollinated progeny from the same
parent is examined for E. globulus and E. nitens. This approach has been used
to further explore the confounding effects 6f inbreeding depression and
varying levels of outcrossing among individuals derived from native stand

populations on genetic parameter estimation in Eucalyptus (Chapter 4).
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Use of hybrids in forestry

There has been widespread use of hybrids in commercial plantations. The
most widespread use of hybrids probably occurs with commercial plantations
of poplars (Populus spp.) for pulp and timber production on all continents.
Hybrid proﬁuction has also been practiced with softwood genera such as Picea
and Pinus, and hardwood geﬁera such as Betula, Eucalyptus and Quercus
(Dungey 2000; Dungey and Nikles 2001). In most cases the hybrids have been
used in a particular environmental niche where they performed better than
local species or are in an exotic environment. In the latter case the hybrid
introduction has often been preceded by the introduction of one or both of the
parental species; e.g. Eucalyptus grandis, E. urophylla in Brazil (Campinhos and
Tkemori 1989) and Pinus elliottii, P. caribbea, P. hondurensis in Queensland
(Nikle;s and Robinson 1989). The hybrids have often demonstrated an
advantage over the parental species, generally resulting in higher production.
The key to unlocking the productive potential of hybrids has either been by
the use of mass controlled pollination systems that produce large amounts of

hybrid seed or through vegetative propagation.

A weakness with many of these programs, until recently, is that once a
successful hybrid has been discovered and propagated successfully for
commercial programs, the breeding programs have lapsed until a problem
arises with the clones in use (Dungey 2001). This situation became evident in
Populus programs around the world, where only a few commercial clones
were in use on a world-wide basis. The onset of poplar rust, caused by
Melampsora larici-populina and M. medusae, had a significant negative impact
on growth of popular commercial clones and led to renewed breeding efforts

to find resistant clones (Willing and Pryor 1976).
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An example of an advanced hybrid breeding program is the sub-tropical Pinus
breeding strategy in Queensland, Australia (Nikles 2000). This program uses
the P. caribbea, P. hondurensis, P. elliotii and P. tecumanii in various
combinations. The program has advanced to Fs for P. caribbea x hondurensis
and F: seed has been produced in seed orchards for commercial plantations
(Nikles 2000). Nikles (1992) has proposed reciprocal recurrent selection
involving separate populations of parental species as a strategy to maintain

continued improvement in the hybrid.

The production of hybrids has generally been pursued with the aim of
achieving complementarity of traits (Martin 1989). In forestry, most of the
hybrids in use involve crosses between two geographically separated species
(Dungey 2001). The aim of these crosses has been to overcome disease
problems, which may be present in one of the parental species (Campinhos
and Ikemori 1989), or to develop a tree that is suited to a pérticular

environment perhaps unsuited to either parental species (Martin 1989).

Pryor (1961) suggested that hybridization would be a means of improving
eucalypts for wood production. He suggested that F1 hybrids offered the
opportunity for securing, in combination, sets of characters derived from two
parent species, some of which may resemble those of one or other parent, and

others which are intermediate between the two parents.

Requirements for complementarity also occur where species that are more
easily propagated by vegetative means are hybridized with those that are
difficult to propagate but may contain some other favourable production
traits. Another case is where frost resistant species are combined with
susceptible species that have better growth, form or wood quality
characteristics (Comer et al. 1983; Potts et al. 1986; Meskimen et al. 1987;
Cauvin 1988; Tibbits et al. 1989; Rockwood 1991; Tibbits et al. 1991b).
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This idea of complementarity has been pursued recently with combinations of
E. globulus, which is a premier wood for Kraft pulp production, in
combination with E. grandis or E. camaldulensis for propagation ability and
other traits (Dale et al. 2000; Griffin et al. 2000; McComb et al. 2000; Myburg ef
al. 2000) and E. nitens or E. gunnii for frost tolerance (Potts et al. 1987; Tibbits et
al. 1989; Tibbits et al. 1995).

Complementarity vs hybrid vigour

The concept of hybrid vigour and heterosis are often used interchangeably in
forestry. The importance of heterosis is a key issue in the exploitation of
hybrids in forestry (Nikles and Griffin 1992). There are early reports of hybrid
vigour in inter-specific F1 hybrids of Eucalyptus (e.g. Venkatesh and Sharma
1977a). However, intra-specific controls are often absent or of poor accuracy
(i.e. open-pollinated or unrelated to the Fi) making it difficult to assess
whether differences between hybrid and pure material has been achieved
simply through removing inbreeding effects by wide intra-specific outcrossing

(Eldridge et al. 1993).

If hybrid superiority is shown to be the result of true genetic' heterosis,
(dependent upon dominance effects - Allard 1960) this would open the
possibility of exploiting it by crossing highly differentiated populations
(Nikles 1992). Unfortunately, this approach may be countered by the potential
for outbreeding depression arising from incompatibilities between markedly
divergent genomes (Orr 1995), the potential increasing with increasing
taxonomic distance between parents (Potts et al. 1987; Griffin et al. 1988; Ellis et
al. 1991; Baril et al. 1997a; 1997b). Not surprisingly, there have been conflicting

results when relating genetic distances with the presence of heterosis.

Hybrid superiority in forest tree genera is unlikely to result from heterosis per

se (Ledig 1986; Nikles 1992; Nikles and Griffin 1992), but more likely from the
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beneficial combination of independent complementary traits (each under
predominantly additive genetic control) (Ledig 1986; Martin 1989; Nikles 1992;
Nikles and Griffin 1992). In the lafter case, hybridization of species with
complementary traits may result in synergistic effects in specific environments

where neither species is well adapted (Martin 1989; Sedgley and Griffin 1989).

In addition hybrids have also been successful where they have involved
crosses between land races of species in foreign countries. Such is the case
with eucalypts outside Australia. It is suspected that so-called hybrid vigour is
really a manifestation of a release from inbreeding rather than a heterotic

effect (Eldridge et al. 1993).
Genetic prediction of hybrid performance

Prediction of Fi hybrid performance is important to development and
selection of material for commercial tree breeding programs, as most efforts to
breed hybrids have focussed on the F1 hybrid generation. Such prediction will

depend upon:

(i)  the importance of specific combining ability, relative to general
combining ability (SCA vs GCA), i.e. the relationship between
dominance and additive genetic effects, at the species,

provenance and individual level; and

(i)  the comparability of genetic parameters estimated from hybrid
and pure species populations (i.e. GCA vs GHA), explained

below.

Nikles and Newton (1991} raise the concept of General Hybridising Ability
(GHA) as a measure of the additive performance of a trait in hybrid
combination. Attempts have been made to determine whether General

Combining Ability (GCA) is a good predictor of GHA in tropical pine hybrids
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between Pinus caribbea and P. elliottii (Nikles and Newton 1991; Powell and
Nikles 1996; Gwaze et al. 2000). There is little published information where
comparisons between hybrid and pure species, i.e. GHA vs. GCA, have been

based on the same parents in eucalypts (Potts and Dungey 2001).
Development of eucalypt hybrids

The great majority of traditional eucalypt breeding has focussed on
improvement of pure species (Eldridge ef al. 1993). In many cases this has
involved bringing together selected trees from provenance trials of species
with widespread and often diSjl:lnCt populations (Eldridge ef al. 1993). In these
cases it has been shown that genetic advances in these intra-specific “hybrids”
may partly be attributable to release from inbreeding depression which is

evident in natural populations (Hardner et al. 1998).

Brown (1972) considered that inter-specific hybridizati'on of eucalypts would
remain a technique of minor significance in tree breeding until the problems
of reproduction could be solved. This was achieved in the early 1980’s to the
extent that Griffin et al. (2000) state, “It has become clear the greatest advance in
industrial plantation forestry of the past 20 years has undoubtedly been the clonal
deployment of hybrid genotypes. These hybrid genotypes are simply good phenotypes,
which have satisfied the criteria of a widespread screening program for coppicing,
‘wegetative propagation, growth, and wood properties.” The superior growth
performance is often a result of environmental adaptations of the hybrids
compared with either of the parental species (Griffin et al. 1988; Campinhos
and Ikemori 1989; Martin 1989). The most famous examples are the E.
urophylla x grandis (E. urograndis) clones selected from spontaneous hybrids in
the Congo (Vigneron and Bouvet 2000) and Brazil (Campinhos and Ikemori
1984). In particular, hybrids of the sub-tropical eucalypts including various

combinations of E. grandis, E. urophylla, E. tereticornis and E. camaldulensis have
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been used in forestry for many years in India, Brazil (Campinhos and Ikemori
1989), Congo (Martin 1989), Morocco and South Africa through use of seed or
cuttings (Eldridge et al. 1993). While many ea;rly selec.tions were often from
sporadic eucalypt hybrids occurring in seed collections derived from native
stands or exotic species trials (Bowden 1964; Vigneron 1991; Eldridge et al.
1993), there is now increasing interest in specifically breeding hybrid
eucalypts for deployment (Venkatesh 1982; Martin 1989; Vigneron 1991;
Denison and Kietzka 1992; Endo and Lambeth 1992; Nikles and Griffin 1992;
Bertolucci et al. 1995; 1996b; Bouvet and Vigneron 1996¢; Liu et al. 1996; Wright
1997; Shelbourne 2000; Verryn 2000).

Despite the success of these hybrid propagation programs very little genetic
improvement has been achieved (Griffin et al. 2000). Given the unimproved
nature of the parental species and the serendipitous origin of many of the
current generation of industrial clones, it is unreasonable to assume that a

plateau with respect to improvement of yield and quality has been reached.

Griffin et al. (2000) summarizes the reasons that have limited Eucalyptus

breeders from producing new superior candidate clones as:
a) starting with the wrong parental genotypes;

b) not producing and testing large enough hybrid populations to

permit adequate selection pressures;

¢) seeking operational selections in the Fi: generation when it is
more likely that optimal genotypes will lie in more complex

advanced generation and backcross combinations.

Breeding strategies for genetic improvement of Eucalyptus hybrids have been
suggested (de Assis 2000; Perrow (MacRae) and Cotterill 2000; Shelbourne

2000; Vigneron and Bouvet 2000). In all cases, the strategies recognise the
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problem of predicting hybrid performance using various types of base
populations ranging from original native populations to hybrid populations of

unknown genetic origin.

Shelbourne (2000) states, “Further development of successful hybrid breeding and

deployment depends on a number of overlapping factors, including:

crossability of the two species;

feasibility of controlled pollination;
° vighility of hybrid offspring;

. vegetative propagability (sic) of matire hybrids, or of juvenile hybrid

matertal;
. feasibility of F1, Fz or backcross hybrid seed production;
e . costs of breeding and deploying hybrids;

. gains in different traits from hybrids, versus from improvement of pure

species.”

The use of Eucalyptus hybrids to date has resulted from phenotypic selection
of individuals that are propagated by vegetative means. This is followed by a
period of performance evaluation of propagules before a particular clone is
produced on a commercial scale. Knowledge of genetic parameters has the
potential to reduce the time taken for these steps and to return more
information to the tree breeder to improve accuracy of selection for

propagation.
The case of Eucalyptus nitens x globulus

E. globulus is recognised as the premier eucalypt for the Kraft pulping process.

Where possible, E. globulus is preferred because of its high pulp yield and

13
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wood density, which are both strongly correlated to wood costs in chemical
pulping processes (Greaves et al. 1997a). The natural E. globulus distribution is
limited by minimum temperature in Australia (Jordan et al. 1994; Dutkowski
and Potts 1999) and it is also confined to relatively frost free plantation
environments in temperate zones of Australia, Chile, Spain, Portugal, Italy,

California and China (Eldridge ef al. 1993).

E. nitens is seen as an ideal replacement for E. globulus in plantations as it has
been demonstrated to be frost tolerant (Volker et al. 1994; Tibbits and Hodge
2001). It shows a featured grain in timber or veneer because of distinct
differences between earlywood and latewood, whereas E. globulus tends to
have a more uniform colour and texture. The pulping features of E. nitens
have been evaluated for the Kraft process (Tibbits and Hodge 1995; Beadle et
al. 1996; Tibbits and Hodge 1998) and are quite promising but for different
paper sectors than E. globulus (Cotterill and Brolin 1997). This leads to

different markets and uses due to preference and utility.

These two species therefore, cover a range of complementary characteristics,
making the development of a hybrid between them useful for industrial
purposes in temperate plantation zones (Tibbits et al. 1995). In addition there
are a number of other eucalypts that may be suitable for hybridization to
extend the range of “globulus like wood” in cool temperate climatic zones or

arid zones of the world.

There are few investigations of hybridization reported in the literature, where
the same parents were used in pure species and hybrid crosses in forest trees
(Nikles and Newton 1991; Dungey 2001). In many studies of hybridisation in
eucalypts, the case for heterosis has been made at the species level but failed
to examine the genetic performance of individual parents in each species -

(1977b; Venkatesh and Sharma 1977a; Paramathma et al. 1997).
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Project Aim

The aim of this project is to examine the genetic parameters and performance
of Eucalyptus parents and progeny resulting from open-pollination, within
species cross-pollination (within and between populations), and between
species cross-pollination. A study of this type and scale has never been
attempted before in forest trees including Eucalyptus. In &is case E. globulus

ssp. globulus (hereafter referred to as E. globulus) and E. nitens have been used.

In the case of inter-specific hybrids the study addfesses, in particular, three of

the issues raised by Shelbourne (2000). These are:
. crossability of the two species
. viability of hybrid offspring

. gains in different traits from hybrids, versus from improvement

of pure species.

This study describes results of intra- and inter-specific hybridization in E.
nitens and E. globulus for a number of traits ‘including survival (Chapter 2),
frost resistance (Chapter 3), growth at various ages and Pilodyn penetration
(Chapters 4 and 5). The main emphasis is on the correlation of GCA and
GHA, i.e. do the best parents within a provenance or species produce the best
intra- or inter-specific hybrids respectively (Chapter 5). The design of the trial
is unique in studies of eucalypt hybrids to date, in that the same parents have
been used in hybrid crosses as have been used in pure species crosses. The
mating design allowed estimates of additive and non-additive genetic

variance to be made for intra- and inter-specific crosses.

Open-pollinated seed was also collected from the parents used in the control-

pollination program of both E. nitens and E. globulus. This enables direct
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comparison of genetic parameters derived from open-pollination, where only
the female parent is known and control-pollination, where both parents are

known, therefore making the estimates more reliable (Chapter 4).

Due to limitations in the amount of seed that could be produced, inter-species
hybrids were planted on three sites, with one site, where the complete set of
available material was planted, used for the main analysis (Chapter 5). Intra-
species crosses within E. globulus and open-pollinated families from E. globulus
and E. nitens were planted on multiple sites in southern Australia (described

in Chapter 2).
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Chapter 2: Crossing Program,' Seed Yields,
Trial Design and Establishment

Introduction

This chapter describes the crossing program and field trial designs used to

achieve the aims of the project.

Sensitivity to low température is a major factor limiting the expansion of
eucalypt plantations in Tasmania. A consequence of this has been the use of
the cold tolerant E. nitens (Tibbits and Reid 1987a; 1987b) in increasing
proportions of Tasmanian plantations since the early 1980's (Tibbits 1986).
Expansion of the area of E. nitens plantations has generally been at the expense
of the cold-sensitive E. globulus for which land was not readily available.
Other species that have had plantation establishment reduced since E. nitens

came into use are E. regnans, E. obliqua and E. delegatensis.

A hybrid combination of E. globulus and E. nitens is attractive to the pulp and

paper industry in Tasmania to combine the following traits from each species.

E. globulus: high chemical pulp yield, branch shedding ability,
coppicing ability and resistance to Chrysoptharta

bimaculata defoliation

E. nitens: frost resistance, high volume growth, wood quality which
is comparable to the highly desired E. regnans tor solid

timber, veneers and chemi-mechanical puiping processes.

At present, plantations of E. nitens are susceptible to widespread defoliation

by the insect Chrysoptharta bimaculata, a problem which can only be treated by
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application of insecticide and long-term breeding for resistance. Also,
retention of dead branches on stems increases susceptibility to heart rot in the

wood.

A hybrid that combines the traits described above would be utilised in the
intermediate plantation zornes between the coastal region (below about 300m)
and the high altitude plateau regions (above 600m). In this zone winter frosts
are common, with minimum temperatures between 0 and -5°C and extremes
to -130C. Where frosts are not a problem, then E. globulus, is preferred for
plantation establishment. The widespread use of the E. nitens x globulus hybrid
is also dependent on the ability to produce sufficient quantities of seed or

vegetative propagules by micro-propagation or cuttings.

Project Objectives

The project objectives are dealt with in detail in each chapter as follows:

a) Examine the feasibility of producing E. nifens x globulus hybrid
material for use in operational breeding and deployment programs

(Chapter 2 and 5).

b) Determine the extent to which General Combining Ability (GCA) of E.
globulus and E. nitens in intra-specific combination is predictive of
performance as parents in hybrid combination, ie. General

Hybridising Ability (GHA) (Chapter 5).
e Are GCA estimates from intra- and inter-provenance

crosses within a species comparable? (Chapters 3 and 4)
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Does heterosis exist in intra- and inter-specific hybrids

and can it be predicted? (Chapter 5)

Do hybrids exhibit complementary expression of parental

traits? (Chapter 5}

Evaluate hybrid performance to determine the
environmental conditions under which it would be

advantageous to plant such material. (Chapters 3 and 5)

¢) Compare estimates of genetic parameters (including heritability,

additive genetic correlation) and performance for various traits of

progeny derived from OP and CP in E. globulus and E. nitens. (Chapter

" 3and 4)

L]

Are genetic parameters derived from OP in Eucalyptus a
reliable indicator of true additive genetic effects which

are derived from CP? (Chapters 3 and 4)

To what extent does inbreeding depression distort
genetic parameter estimation using OP progeny,

particularly from native stands? (Chapter 4)

d) Determine the proportion of additive and non-additive genetic effects

on the performance of progeny in E. globulus, E. nitens and E. nitens x

globulus. (Chapters 3, 4 and 5)
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Wright (1964) recognized four stages in the process of getting successful F1

hybrids into use -
1. Determine crossability (examined with in this Chapter);
2. Produce and test each combination (Chapters 3, 4 and 5);
3. Develop methods for mass producing planting stock;
4. Determining which particular trees will make the best parents.

Development of methods for mass producing planting stock, such as tissue
culture and mass vegetative propagation, are beyond the scope of this project
but have been investigated by others (Hetherington and Orme 1990; Wilson
1993; Borralho and Wilson 1994; England and Borralho 1995; Wilson 1996;
Cotterill and Brindbergs 1997; Tibbits et al. 1997b; Wilson 1998; Wilson 1999;
McComb et al. 2000). While the better parents have not been specifically
identified in this thesis, the analysis of genetic parameters and subsequent
production of breeding values for parents and progeny could be utilised for

such identification.
Mating Design

In 1986 a survey of potential parents for the control-crossing program was
carried out among forest owners in Tasmania to determine if the above

objectives could be met. The survey revealed the following:

¢ About 40 unrelated seedlots of Toorongo provenance E. nitens had been
used in plantations or trials prior to 1982. Trees less than five years old

generally had little or no flower buds.
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e There were only two sexually mature families of Northern NSW E.
nitens and these trees were generally in poor health, thus it was not

feasible to make inter-provenance crosses in this species.

e Suitable parent trees of E. nitens were scarce, as flower numbers per
tree were generally low and trees were widespread. This led to a

reduction in the size of the anficipated crossing program.

The selection of parent trees and mating design described below was used to

take account of the available material and to meet the objectives of the project.
Eucalyptus globulus

Eight unrelated trees were chosen in the Woolnorth, Tasmania seedling seed
orchard which was established in 1980 (Volker et al. 1990). The provenances of
these trees were King Island 39°55”S 144°00”E (K with three trees - Ka, Kb, Kc),
South Flinders Island 40913”S 148%02”E (F with one tree - Fd) and Taranna
4302”8 147°53"E (T with four trees - Te, Tf, Tg and Th) (Table 2.1). Locations
of these provenances are detailed in Volker and Orme (1988). Open-
pollinated seed was collected from each tree (collectively referred to as GSOP;

Table 2.1).

Pollen was collected from widely separated trees in natural stands on King
Island (10 trees) and Taranna (16 trees). Open pollinated seed was also

collected from each tree (collectively referred to as GOP; Table 2.1).

Pollen from the natural stand trees was crossed with each of the eight female
trees to undertake the 8 female X 26 male factorial mating design comprising
intra- and inter-provenance hybrids (collectively referred to as GCP; Table
2.1). Cross types produced as intra-provenance were TT, KK and inter-
provenance (or intra-specific) F1 hybrids TK and KT (which were treated as

one cross type in analyses).
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Eucalyptus nitens

Eleven unrelated trees of Toorongo provenance (Pederick 1979) were chosen
from two seedling seed o;:chards (SSO) and plantations. Three trees were
located in Hampshire SSO (TO-k, TO-m, TO-n), four were in Huntsman SSO
(TO-i, TO-L, TO-p, TO-s) and four were in plantations at Woolnorth (TO-r) and
Highclere (TO+j, TO-o, TO-q).

The parents were mated in an incomplete half-diallel design (Namkoong 1979)
where each parent is crossed with every other parent once and reciprocal
crosses are not made (collectively referred to as NCP or NN; Table 2.1). Selfs
were also attempted on each parent and open-poliinated seed (NOP) was

collected from each tree.
Eucalyptus nitens x globulus

Eight of the above E. nitens (TO-i, TO-k, TO-I, TO-m, TO-n, TO-0, TO-p and
TO-s) were used as female parents to produce inter-specific Fi E. nitens x
globulus hybrid families. At first an attempt was made to use all 26 E. globulus
pollens on each female however, due to time constraints and low survival of
capsules, effort was concentrated with a subset of ten pollené (T4, Te, T10, T11,
T12, T15 from Taranna; K20, K22, K25, K26 from King Island; Table 2.1). The
cross types of inter-specific F1 hybrids was therefore E. nitens x Taranna E.

globulus (NT) and E. nitens x King Island E. globulus (NK).

An initial study of pollination technique examined the possibility of using E.
globulus as a female in hybrid crosses with E. nitens. We found that this cross

was not possible due to unilateral incompatibility (Gore et al. 1990).
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Table 2.1 Factorial mating design for crossing within E. glebulus and between L. unitens x E. globulus with half-diallel mating design for crossing within E. nitens,
indicating which families were used in field trials (crosses attempted but not used in ficld trials are shown in italics ). The cross type of each family is
indicated as intra-provenance crosses within E. glofufus (I'T and KK}, inter-provenance crosses within E. globulus (TK, KT, FT, FK), inter-species F, hybrids
(NT, NK) and crosses within E. nifens (NN) where the provenances of the parents and progeny are indicated by Taranna (T}, King Island (K), Flinders Island
{F} E. globulns and Toorongo (TO) E. nitens, GOP is native stand OP seed collected from the E. globulus trees which were used as male parents. GS0P is
seed orchard OP seed collected from female E. globulus parents. NOP is OP seed collected from the E. nitens parent trees.

E. globuius Males
or
T T2 T3 T4 Ts Te T7 T8 T¢ Tio Tii Ti2 Ti3 T14 Ti5 T16 K17 K18 K19 K20 K21 K22 K23 K24 K25 K26
E. K-a KT KT KT KT KT KT KT KI KI KT KT KT KT KT KI KT KK KK KK KK KK KK KK KK KK KK GSOP
iio.::::: b KT KT Kr KT KT Kr KT KI KT KT KI KI KT KT KT KT KK KK KK KK XK KK KK KK Kk KK GS50F
K-¢ KT KT KT KT KT KT KT KT KT Kf KI' KI KT KIP KT KT KK KK KK KK KK KK KK KK KK GSOP
Fd FT FT FT FT FT FT FT ET FT FT FT FT FT BT FT FT FK FK FK FK FK FK FK FK FK FK
Te T TT TT T TT TT TT TT T TT TT 1T TT 1T TT TK K TK TK TK TK TK GSOP
T Ty TT TFTT TC TT TT TT TT TF TT TT TT TT TT TT TK 7K TK TK TK TK TK TK TK GSOP
T¢ Tr TT 4T T* TT TFr TT TF T¢r TT TT TT Tr TT TF Tr TK TK TK TK TK TK 1TK TK TK TK GSOP
Th T T TTTC TT ¢ TT TT T TrT TT 1T TT TT TF TT TK TK TK TK TK TK TK TK TK GSOP E. nitens Males
or GOP GOP GOF GOP GOFP GOP GOP GOP GOF GOP GOP GOF GOP GOP GOP GOP GOP GOP GOP GOP GOP GOP GOP GOP GOFP TO-k TOl TO-m  TQO-n TO-0 TO-p TO-q TO-r
E. witens  TOi NT NT NT NT NT NT NT NT NT NT NT NK NK NKE NK NK NK NK NK NK NK NOP NN NN NN NN NN NN NN NN
Females TO+j NOP NN NN NN NN NN NN NN NN
TO-k Nr NT NT_NT NI' NI NT NF NT NI NI NI NT NI NI NT NK NK NK NK NK NK NK NOP NN NN NN AN NN NN
TO-1 NT NT NT NK NK NK NK NK ANK NK NK NK NOP NN NN NN NN NN NN
TOm NT NT NT NP NT NI NF NT NT NI NT NT NT NK NK NK NK NK NK NK NK NK NK NOP NN NN NN NN NN
TOn NF NT NT NI NT NT NT NT NT NT NI NI NI NT NI' NI NK NK MK NK MK NK NK NK NK NK NOP NN NN NN NN
TO-0 NT NI NT NT NI NT NT NF NT NI NK NK NK NOP NN NN NN NN
TOp Nr NT - NOP NN NN
TO0q NOP NN
TO-r NOP
TOs NT
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Control Pollination Techniques

Pollen extraction and handling

Potential parent trees were monitored throughout the flowering season. Tree
branches carrying flowers were collected a few days prior to anthesis. Open
flowers and all leaves were removed from the branch immedriately. The
branches were placed in water and covered to prevent contamination. In the
laboratory, branches were recut under water to improve longevity. Flowers

were removed for polien extraction each day as anthesis occurred.

The "wet" pollen extréction method (Griffin et al. 1982a) proved to be
unsatisfactory for these species. Pollen was extracted from E. nifens and E.

globulus by a "dry” method (Potts and Marsden-Smedley 1989). In this method
branches with enclosed flowers, ie. still covered with an operculum, were
collected immediately prior to anthesis. Open flowers were removed from the
branch at this fime. The branches were placed in water and isolated from
other material in the laboratory. About 4 hours after anthesis the flower was
removed and placed in a desiccator for 12 to 24 hours. The flowers were then

shaken and brushed to remove the pollen onto a smooth surface.

Pollen was stored in size "O0" gelatin capsules in 50ml airtight vials filled

with silica gel. The vials were stored in a commercial freezer at -180C. A single
gelatin capsule was removed from the freezer when required and transferred
to a 5ml vial for transport to the field or temporary storage in a refrigerator at
40C. Vials were ftransported to the field in a small ice box at ambient

temperature. Ice was added to the box to act as a coolant when day-time

temperatures were expected to exceed 250C as the gelatin capsules tend to

melt in warmer weather,
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Frozen pollen (-18°9C) can be stored for at least 12 months with little loss of
viability, although it proved difficult to test in vitro (see below). It was possible

to store fresh pollen at room temperature or a commercial refrigerator at about

40C for at least eight weeks with little or no loss in viability provided the

pollen is in a moist free environment such as a desiccator.
Pollen germination testing

Pollen was tested throughout the pollination season by in vitro and in vivo
methods to determine its viability. Test methods are described in Griffin et al.

(1982a).

In vitro pollen germination tests in Eucalyptus species were examined in detail
by Potts and Marsden-Smedley (1989). Germination percentages above 50%
were rare and in most cases germination rates of about 20 to 30% were found
with fresh pollen. In the present program pollen was discarded when in vitro

tests revealed a germination rate of less than 5%.

The in vivo test is a reliable but destructive means of examining pollen
germination on the stigma and pollen tube growth in the style (Sedgley et al.
1989; Sedgley and Smith 1989; Gore et al. 1990; Egerton-Warburton et al. 1993).
Using this method we were able to confirm in vifro tests and determine
reasons for failure of crosses. The unilateral incompatibility of E. globulus x

nitens was examined using this method (Gore et al. 1990).
Self-pollination

Self pollination was attempted using two methods. In 1987/88 un-emasculated
flowers were bagged prior to anthesis and blow-fly pupae, produced by
CSIRO Division of Entomology, were placed in the bag. This method has been
used successfully in the past (Pryor and Boden 1962). In 1988/89 selfed seed
was produced by isolating unopened flowers as described above. After most
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flowers in the bag had opened, anthers from other isolated flowers were used
to brush pollen onto the stigmata. In addition, some flowers were allowed to
develop without flies or manipulated pollination. Seed was produced by ali
three techniques. However, there were insufficient quantities of seed or later,
seedlings to establish in the field trials in most cases. The effects of selfing and
varying levels of inbreeding on performance and genetic evaluation of
eucalypts have been examined in detail elsewhere (Pryor 1978; Potts et al.
1987, Griffin 1990; Hardner and Potts 1995a; Hardner et al. 1995; Hardner
1996).

Manipulated cross-pollination

A three-visit pollination technique was used for cross pollination of E. globulus

and E. nitens as follows:

1. Anthesis (day 1) was defined as the time when the operculum was
beginning to lift. Flowers were emasculated at anthesis by use of a
scalpel (E. globulus and E. nitens) or modified electrician’s wire
strippers (E. nitens). All anthers were removed. In E. nitens flowers
which were not ready for emasculation were removed from the
umbel. Excess leaves were removed from the branch so that the bag
would not be crowded with leaves, leading to increased humidity in

the bag.

2. Bags or sleeves made from unwoven Terylene were fixed over the

branch by use of electrical wire ties.

3. At day 7, for both E. globulus and E. nitens, bags were removed
temporarily for pollination. Pollen was applied to the stigma by use
of a matchstick. Unlike E. regnans (see Griffin et al. 1982a) no

observable swelling of the style occurred, although stigmatic
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exudate was encountered with E. globulus at the time of peak
receptivity. Nectar flow was observed at this time. A discussion on
the effect of pollination date on seed yields in E. nitens is given in

Tibbits (1989). Bags were replaced after pollination.

4. Bags were removed permanently approximately three to four weeks

after pollination. At this stage styles had abscised from flowers.

It has now been confirmed that a cut style technique for single visit pollination
in E. globulus is feasible due to the robustness of the flower to withstand
damage and adequate pollen germination in the absence of exudates normally
found on the stigma (Harbard ef al. 1999; Williams et al. 1999). 1t is apparent,
from the work completed in this study, that E. nitens flowers are very sensitive
to damage to the style prior to fertilisation and such a technique may not be

possible with this species.

Capsule and Seed Yields

Eucalyptus globulus

In 1987/88 the average number of intact seeds per capsule ranged from 22 to
81 for the eight female parents (Table 2.2). In 1988/89 severe predation by
seed-eating larvae of Megastigmus spp. wasps severely reduced the average
seed yield in six of the eight trees to an overall range of 6 to 52 (Table 2.2).
Over the two years, there was an average of 38 seeds per capsule (Table 2.3)
for control-pollination, which compares with an average yield of about 20

seeds per capsule for open-pollination (Tibbits 1991; Griffin et al. 1993).
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Table 2.2 Capsule survival (pollination to harvest) and intact seed yield per
capsule for inter- and intra-provenance hybrids of Eucalyptus globulus
completed over two pollination seasons (1987/88 and 1988/89).

Taranna polien King Island pollen
e
(%) (number) %) (number)
87/88  88/89  87/88  88/89 | 87/88 88/89  87/88  88/89
K-a 80.8 92.5 48.1 47.3 705 100.0 62.8 51.6
K-b 61.4 91.5 333 34.3 66.2 85.7 443 24.1
K-c 314 815 52.3 56 61.0 75.0 45.1 10.1
K average 43.7 66.6 33.7 221 49.7 65.4 383 217
F-d 100.0 79.2 47.0 14.6 62.2 50.0 58.0 225
T-e 56.8 25.0 22.1 13.5 39.5 27.8 215 6.4
T-f 69.0 46.2 58.1 12.2 - 38.5 - 14.8
T-g 70.2 55.6 80.6 34.6 - 31.9 - 294
T-h 55.7 24.0 432 12.0 85.7 6.5 45.0 8.5
T average 62.9 377 51.0 18.1 62.6 26.2 33.3 14.8

Capsule survival at harvest averaged 61% of flowers pollinated, over the two
seasons (Table 2.2). There was no relationship between capsule survival and
seed yield per capsule. The Megastigmus spp. attack in 1988/89 markedly
reduced seed yield per capsule (Table 2.2).

Twelve of 209 crosses attempted, failed to produce seed (Table 2.4). The
majority of these failed crosses occurred with King Island pollen mated with
Taranna females (TK), resulting in average of 11.4 seeds harvested per flower
pollinated compared with an average of 25.4 for the reciprocal inter-
provenance cross (KT; Table 2.4). This may be confounded with the seed
predation as most K pollens were applied to T females only in 1988/89. Inter-

provenance crosses involving the single Flinders Island female produced an
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average of 14 and 38 seeds per flower pollinated for FT and FK respectively
(Table 2.4).

Selfing reduced capsule survival to 18% and yielded an average of only seven
seeds per capsule (Table 2.3). Only three out of eight selfs produced seed
(Tables 2.1 & 2.4).

Table 2.3 Pollination success and seed production for a range of control pollinated and self
cross types in E. globulus, E. nitens x globulus and E. nitens across both seasons of

pollination.
Capsules
Number Numfber harvested Number Seeds per |, Seeds per
Cross type  of flowers ° per (Range) of seeds capsule  (Range) flower
ollinated capsules flower produced harvested pollinated
_P harvested pollinated
{%)
E. globulus 1,222 749 61 (26-79) 28,798 384 (27-78) 236
E. globulus 120 2 18 - 155 7 - 13
self
E. nitens x 3,579 838 23 (5-51) 3,084 3.7 (2.1-5.8) 0.9
globulus
E. nitens 3,571 1,052 29 (14-49) 6772 6.4 (3.37.7) 1.9
E. nitens 848 84 10 i 103 12 . 04
self

The confounding effects of season, different operators, and insect predation to
name a few, make it difficult to interpret pollination success and seed yield
data any further in relation to fecundity of male or female parents used in this

program.
Eucalyptus nitens x globulus

The hybrids produced an average of 3.7 seeds per capsule (range 2.1 to 5.8)
with an average capsule survival of 23% (Table 2.3). 99 of 122 crosses
produced seed (Table 2.4), although some of these crosses produced very

small quantities, which were not used in the subsequent field trials, leaving 35
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families for field trial evaluation (Table 2.1). 25 of 73 (34%) of E. nifens x
globulus (NT) produced sufficient material for field trials compared with 10 of
49 (20%) in NK (Table 2.1).

Eucalyptus nitens

The E. nitens outcrosses produced an average of 6.4 seeds per capsule
harvested (range 3.3 to 7.7) (Table 2.3) with 2.1 seeds per flower pollinated
(Table 2.4), reflecting low flower survival to capsules of 29%, with a range 14
to 49% (Table 2.3). All of the 44 crosses attempted produced seed (Table 2.4),
however nine crosses were excluded from field trials (Table 2.1) due to low

seedling numbers.

Selfs succeeded in producing seed in six out of ten attempted. The average of
1.2 seeds per capsule and 9.9% capsule survival (Tabie 2.3) was considerably

lower than either hybrid or outcross yields.
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Table 24

Average number of seed harvested per flower pollinated for

Overall averages (Ave.) are given for provenance effects on each parent.

E. globulus Taranna pollen crossed with  E. globefus King Island (K}, Flinders Island (F), Taranna (T) and  E. nitens (TO) females, including scifs.

E. globulus male

T T2 T Te Ts T T7 T8 T9 T Ti1 Ti2 T3 Tia Ti5 Ti6 Ave.T K17 KI8 K19 K20 K21 K2z K23 K24 K25 K26 Ave.K SELF
K-a 420 250 49.4 568 302 446 47.2 383 $0.8 40.3 450 289 366 436 515 421 288 250 DO 40.0 663 588 8Y8 400 408 575 445 1.0
Kb 445 57 358 286 184 140 125 400 390 422 120 7.3 267 170 27.8 232 283 331 403 217 258 34 153 430 470 612 610 354 90
Kt 5¢ 17 27 11 30 538 620 104 32 17 55 25 43 51 46 72 109 25 460 287 125 50.0 39.5 266 150 50.0 301 0.0
Ave.K 305 106 293 288 17.2 37.5 405 329 2.7 280 209 162 215 111 253 27.6 254 215 37.7 168 26.1 349 414 574 379 390 562 368 33
Eogbbulus 79 75 50 35 73 60 335 100 68 110 167 340 53 470 104 27 115 1%6 56 365 630 267 138 487 440 773 295 38 380 0.0
female T+ 230 81 252 14 60 114 194 50 162 35 147 129 11 39 148 153 120 37 75 05 20 15 60 20 33 00
Tt 264 145 700 333 358 465 469 113 457 258 59.8 414 177 407 &7 500 358 167 34 00 @0 33 00 173 DD 67 52 0d
T-g 1000 388 430 687 358 520 6B.0 730 667 607 713 1000 455 164 516 17.0 569 33.8 123 76 176 75 38 110 50 40 00 103 00
Th 455 47 467 295 00 429 245 54 00 83 413 57 253 224 00 298 208 0O 560 500 333 555 00 00 18 86 00 205 40 E. nitens male ave. N
Ave.T Az8 19.0 467 43.6 194 382 39.7 737 321 24.6 466 40.0 224 208 133 28.0 320 168 187 268 146 159 23 37 64 47 22 114 L% TO TOk TOJ TO-m TO-n TO-0 TO-p TO-q TO-r )
TO g0 00 02 08 03 04 01 02 00 03 04 02 22 12 02 04 01 00 00 00 02 01 04 04 18 D6 1 02 06 O3 12 07 32 11
TO+j 0.0 0.0 0O 03 20 18 16 ta4 08 1% 06 13
TO-k @1 04 0D 05 04 1.5 13 23 06 23 21 12 02 21 13 27 12 3 16 09 5.0 D0 01 31 1% 02 40 55 63 42 33 32 44
TO-1 0.7 1.7 21 1.5 07 00 46 05 31 15 15 LI 12 16 00 30 18 18 30 37 29 27
TOm 31 20 00 25 02 1.1 03 00 00 08 12 16 18 11 00 0O 09 35 00 05 02 02 14 60 12 25 17 18 23 1.7 2
L. nitens TOn o1 03 00 07 L+ 30 30 00 06 03 24 26 26 04 17 )17 13 01 00 14 04 07 GO €G3 02 04 02 04 01 26 10 12 10 12
female TO-0 05 21 00 03 09 25 15 00 09 09 10 L6 00 18 15 02 9.2 27 12 24 38
TO-p 29 20 01 16 43 29
TG-q 0.0 06 06
TO-r 0.0
TO-s 56 5.6
Ave. 12 07 €1 11 07 13 21 08 04 09 18 13 0% 10 12 1.6 11 06 05 08 20 04 14 05 04 06 22 10 01 16 05 24 39 13 24 21 2 21 1

133dvy>
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Chapter 2: Crossing program, trial design and establishment

Factors influencing seed yield and capsule survival

Flower survival in E. nitens appears to be affected by a number of non-genetic
factors including stage of development at time of emasculation, physical
damage to style or hypanthium during pollination operations, weather
conditions at time of pollination, health of branch carrying flowers,

development of embryos.

We found that developing E. nitens capsules will abort within four weeks of
pollination if physical damage occurs or fertilization is inhibited. Generally all
capsules pollinated in mid-summer, which were retained by late autumn,

would survive to harvest in the following summer.

E. globulus capsules appear to be more robust and less sensitive to damage
during pollination. Abortions generally occurred by late autumn. However
insect predation by Megastigmus spp. did not produce consistent abortion of
flowers or capsules but did have a significant impact on the proportion of

capsules harvested and intact seed yield per capsule.

In both species seedless capsules were never harvested, although capsules

with empty seed (lack of embryo) had developed normally.

Establishment of Field Trials

Trial sites

Field tests were planted over a range of environments throughout southern
Australia (Table 2.5). In Tasmania, sites were chosen in the commercial
planting zones for E. globulus or E. nitens. A “rule of thumb” for commercial
planting of E. globulus in Tasmania is that plantations are not made above

300m, where E. nitens is preferred, however this may vary with site
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characteristics such as soil type, frequency and severity of winter frosts. In the
case of West Ridgley (WR), the site was seen to be at the limit of the range
where E. globulus could be planted successfully in particular due to experience
with winter frosts in the area. The expense of producing a small amount of
hybrid material limited our ability to test performance in a more severe
environment as severe mortality in the first years after establishment would
have limited the potential evaluation of growth and other later-age traits. The
area is within a well-established zone of E. nitens plantation. This type of site
is likely to be most favoured for the use of hybrids in future. At Hampshire |
(HA), a small trial was established to test the performance of a small number
of hybrids at high altitude where E. nitens would be the only species planted
and E. globulus would be unlikely to survive. All other Tasmanian sites fall
within areas where E. globulus has been planted successfully or grows
naturally. Some sites in Victoria and Western Australia fall within current (FL
and WA) E. globulus plantation sites. MA and BE sites are well outside the
accepted planting range for E. globulus ssp. globulus, although they are close to
the natural range of E. globulus ssp. bicostata and E. globulus ssp. maidenii
respectively.- Due to limitations in seed numbers, each trial varies in size and
number of seedlots. E. nitens x globulus hybrids were concentrated at WR with

a small number of families at HA and FL.
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Table 2.5 Location of field trials.

Site, State CS:;e Latitude Longitude Altitude (m)
West Ridgley, Tasmania WR 41909'S  145°46'E 160
Boyer, Tasmania BO 42047'G 141°06’E 15
Hampshire, Tasmania HA 41015'S 145°45°E 470
Franklin, Tasmania FR 43904'S 146°53'E 370
Parkham, Tasmania PA 41926'S 146°37'E 200
Flynn, Victoria FL 38¢18’S  146°40°E 170
Mansfield, Victoria MA 36055'S  146°14'E 950
Bega, New South Wales BE 36°36'S 149°46’E 120
Manjimup, Western Australia WA 34012'S 116°01'E 240

Seedlings were grown at three nurseries - Ridgley, Tasmanian for five field
trials (WR,.BO, FR, HA, PA), Traralgon, Victoria for three field trials (FL, MA,

BE) and Manjimup, Western Australia for one field trial (WA).

Seedlots were allocated to each site according to availability during nursery
production (Table 2.6). Some families produced in the crossing program,
particularly selfs in both species and some hybrid families did not produce

sufficient numbers of seedlings for field establishment.
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Table 2.6 The number of families within each cross type planted in each field trial.

Trial sites Total
Cross Type nu::fber
WR BO HA PA FR FL MA BE WA _ O
GCP TT 5 8 50 32 38 2 40 35 57
KK 28 4 27 18 24 13 19 21 28
TK 17 9 4 6 y) 4 5 18
KT 43 8 3 17 32 15 25 27 44
FT 15 6 3 1 1 3 15
FK 10 10 2 8 2 3 5 10
Total 168 20 135 73 111 55 92 96 172
GOP T 4 3 14 14 12 13 7 11 13 15
K 10 s 9 8 9 8 6 8 8 10
Total 24 8§ 23 2 21 21 13 19 21 25
GsoP T 4 1 3 4 2 3 3 3 3 4
K 3 3 3 2 3 2 2 3 3
F 1 1 1 1 1 i 1 1 1 1
Total 8 2 7 8 5 7 6 6 7 8
HYB NT 24 2 5 25
NK 10 2 1 10
Total 34 4 6 35
NCP NN 35 16 1 9 32 18 40
NOP NOP 9 8 8 6 9 8 9 5 9
T°tafla‘;:'i';;::r of s 30 58 174 114 186 82 144 129 289
Trial design

The trials were designed using the ALPHAGEN program (SASS 1987).

ALPHAGEN generates incomplete block designs of the alpha-lattice type
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(Paterson and Williams 1976). The design parameters are shown in Table 2.7.
The aim was to use 4 replicates per site and to keep the incomplete block sizes
as small as possible to reduce environmental variability within blocks. The
availability of material precluded larger plot sizes, so five tree line plots were

utilised on most sites.

Table 2.7 Experimental design at each trial site.

Experimental design Trial Sites
parameters WR BO HA PA FR FL MA BE WA
Replicates 4 4 4 4 4 4 4 4 7

Bilocks per replicate 15 1 7 13 9 11 11 10 11
Plots per block 20 30 9 14 13 18 8 14 11

Trees per plot 5 10 5 5 5 5 5 5 3

A constraint was placed on the trial design in that breeds were to be kept
together in the field to minimize effects of competition and difference in
growth habit between different breeds (i.e. E. globulus vs. E. nitens vs. E. nitens
x globulus). This constraint was not used in the HA trial. For example, at WR
where there are 15 plots per incomplete block, each block consists of 9
adjoining -plots of E. globulus and 3 plots each of E. nitens x globulus and E.

nitens. Within each breed the cross types were allocated randomly.

All trials, except BO and WA, were arranged in five tree plots with four
replicates per site. The BO plots were two rows of five tree plots and the WA
site had three tree line plots. The number of plots per incomplete block varied

according to numbers of seedlots per breed at each site.
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Site preparation and planting

All sites except WA were prepared for planting in late winter 1990. WA was
established in 1991.

Sites preparation consisted of pre-plant weed control followed by ripping and
mound plough cultivation. Weed regrowth was monitored in the first year
after planting and secondary weed control was carried out if necessary.
Spacing at the sites was about 3 x 2.5 metres (1333 stems per hectare) for
Tasmanian sites (WR, BO, HA, PA, FR) and 3 x 3 metres (1111 stems per

hectare) at other sites.
Early survival

Survival at most sites was good. However, Mansfield site was severely
affected by snow in the first year and Bega was almost completely defoliated
by insects in the second year. These sites were not considered for analysis in

this study.
Assessment Schedule

Seedling material was assessed in the Ridgley nursery for frequency of

abnormalities, this data was reported in Potts et al. (1992).

Seedlings were sampled from the Ridgley nursery at about age 6 months for
assessment of frost resistance by the electro conductivity of leachate method

(reported in Volker et al. 1994 and Chapter 3).

Most sites were assessed for diameter at breast height over bark (dbhob) in
Years 2, 3, 4 and 6 years from planting. The West Ridgley site was also
assessed for dbhob at year 10. Year 2 diameter and height assessment was

carried out at all sites. Some of this data was analysed and reported in Hodge
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et al. (1996) and Chapter 4 (diameter only). A more detailed assessment

schedule is presented in Chapter 4.

The West Ridgley trial was also assessed for damage by Mycosphaerella spp.
leaf spot fungi at age 3 years (Dungey et al. 1997), time of vegetative phase
change and first flowering (Jordan et al. 1999; Jordan ef al. 2000) which were

not part of the study reported in this thesis.
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Chapter 3: Genetic variances and
covariances for frost tolerance in
Eucalyptus globulus, E. nitens and
their F1 hybrid

Introduction

Temperate eucalypts are widely used as a source of pulp and paper
manufacture in the cool-temperate regions of the world but further extension
of their planting is generally limited by seasonal low temperatures and
occasional frosts. Temperate eucalypt species which have been shown to be

relatively frost hardy such as Eucalyptus nitens, E. gunnii, E. delegatensis, E.

viminalis and E. dalrympleana tolerate temperatures as low as -129C provided
acclimation has taken place before the onset of frost (Paton 1981; Davidson

and Reid 1987; Tibbits and Reid 1987b). More sensitive temperate species

include E. globulus and E. regnans, with critical temperatures around -70C

(Turnbull and Pryor 1984; Hallam and Reid 1989; Eldridge et al. 1993).

E. globulus and E. nifens are two of the most important temperate eucalypt
species, due to their excellent productivity, fibre characteristics and pulp
yield. They are currently being established in large areas in Australia, South
America and south-western Europe. E. nitens, the more frost tolerant of the
two, has become the preferred species for eucalypt plantation forestry in
higher altitude areas, subject to frequent winter frosts, whereas E. globulus has

been confined to milder sites.

Improvement in frost tolerance has the advantage of significantly increasing

the area of land suitable for eucalypt plantations by reducing the risk of loss
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due to frost. There have been numerous studies of frost tolerance with
eucalypts but these have largely beenl confined to in situ observation or
comparison of OP material in provenance or family trials in the field (Ashton
1958; Awe and Shepherd 1975; Harwood 1980; Rook et al. 1980; Wilcox et al.
1980; Griffin et al. 1982b; Wilcox 1982; Burgess 1983; Darrow 1983; Evans 1983;
Higa 1986; Tibbits and Reid 1987a; Hallam and Reid 1989; Marco et al. 1991;
Raymond ef al. 1992b). Evidence of provenance differences in frost tolerance
have been reported for E. nitens (Tibbits and Reid 1987a; Hallam and Tibbits
1988; Raymond et al. 1992b; Tibbits and Hodge 2001) and for E. globulus
(Almeida et al. 1995) but studies on the magnitude of additive genetic
variation have been limited. Frost damage in leaves and branches of field
grown trees of open-pollinated origin has been shown to be highly heritable in
E. nitens (Tibbits and Reid 1987a) with narrow-sense heritability (h?) above 0.6
but low to moderate in E. grandis (van Wyk 1976) and E. gunnii (Cauvin ef al.
1993) with h2 between 0.10 and 0.29. More recently, indirect methods for frost
tolerance assessment, based on electric resistance (or conductivity) of leaf
exudates have been developed (Raymond et al. 1986). They have the
advantage of being non-destructive and provide a continuous variable, more
suitable to statistical treatment and interpretation (reviewed by Raymond et
al.1992a). The inheritance of electro conductivity measurements has been
investigated in E. nitens (Tibbits and Reid 1987a; Raymond et al. 1992b; Tibbits
and Hodge 2001), in a small number of inter-specific F1 hybrids including E.
nitens x globulus (Tibbits et al. 1991a), and E. regnans (Raymond et al. 1992a)

and have shown a high heritability, with values usually above 0.6. -

Although the economic importance of tolerance to frost damage is obvious,
basic information on the genetic control of this trait in eucalypts, and in
particular in E. nitens and E. globulus and their Fi hybrid is required. This

study reports genetic parameters of frost damage at three test temperatures,
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based on electro conductivity measurements in both open-pollinated (OP) and

control-pollinated (CP) material for these three populations.

Materials and methods

Mating designs in Eucalyptus globulus

The E. globulus plants tested for frost tolerance were derived from a subset of
the incomplete factorial crossing described in Chapter 2 (Table 2.1) involving
19 unselected parents from three provenances (Table 3.1), namely Taranna, SE
Tasmania (with 11 parents), King Island (7) and Flinders Island (1). In total,
580 seedlings from 58 full-sib families (10 per family) from the incomplete 8 x
11 factorial were assessed. Open-pollinated progeny (GOP) came from the
same 11 parents used as males in the factorial mating, plus three extra
Taranna parents used in inter-specific hybrids described below (Table 3.1).
Open-pollinated progeny from the eight female parents (GSOP) were derived
from seed collected from those trees, which were located in a mult-
provenance seedling seed orchard (Table 3.1}. See Chapter 2 for a more

complete description of the OP material.
Mating design in Eucalyptus nitens

The control-pollinated E. nitens plants (NCP) were derived from an almost
complete half diallel mating (see Table 3.1) of 10 first generation parents (see
Chapter 2 for more detail). In total, 340 seedlings from 34 full-sib families (10
seedlings per family) from an almost complete 10 x 10 half-diallel were
assessed. Open-pollinated progeny was also obtained from 9 parents used in

the half diallel.
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Mating design in Eucalyptus nitens x globulus

The control-pollinated E. nitens x globulus plants were derived from a factorial
mating design involving 14 of the male E. globulus parents described above
and 6 of the E. nitens from above which were used as females (Table 3.1). In
total 400 seedlings from 40 full-sib families were assessed. 28 families had

Taranna (NT} and 14 families had King Island (NK) E. globulus male parents.
Plant material

The seedlings of both E. nitens, E. globulus and E. nitens x globulus were raised
in North Forest Products' East Ridgley nursery in northern Tasmania. In
January 1990 seed was germinated in flat trays filled with alluvial soil under
controlled light and temperature conditions. Approximately three weeks after
germination when seedlings were still in the cotyledonary stage they were
pricked out into paper pots of 4cm diameter and 10cm depth. The seedlings
were then moved outdoors, under shade for a further ten weeks. In April the
seedlings were transplanted into a field nursery with formed beds. Families
were planted as lines with four families across each bed. Spacing within the
beds was approximately 5cm within lines and 10cm between lines. Families
were randomly allocated in the nursery as unreplicated line plots. A control
seedlot of E. globulus was placed in 10 locations throughout the nursery to test

for environmental variation.
Sampling strategy and frosting techniques

Measurements of frost damage were taken at three test temperatures: -5.5, -7.0
and -8.50C (referred to hereafter as traits RC5, RC7 and RC8 respectively).
Four leaf discs per test temperature were sampled from each of 10 seedlings
per family following guidelines set by Raymond et al. (1992a). Families were

planted in the nursery in population groups, ie. E. nitens CP and OP, E.
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T

globulus CP and OP, E. nitens x globulus. Within each group there was a
random allocation of families regardless of cross type. The ten seedlings
within each family were chosen at random. The families chosen for testing
were pre-determined and sampling was carried out such that a number of
families from each group were tested at the same time. Two leaves were
collected from each plant, one from the youngest fully expanded leaf pair and
the other from the leaf pair directly below following the method of Raymond
(1986). Two discs from each of the two leaves per seedling were frosted at
each temperature. The testing was carried out over a two-week period in July
1990. The control se;edlot was sampled every four days throughout the testing

period and no changes in relative conductivity were detected.

The screening for frost tolerance was based on electrical conductivity
methods. The equipment consisted of plexiglass baths containing aqueous
ethylene glycol solution in which racks of test tubes were suspended
(Raymond et al. 1986). Cooling to -5.5, -7.0 and -8.50C was achieved by
pumping liquid at -30°C from a refrigerated bath through a pressure
regulated copper coil in the test baths with temperature regulated by a

thermomix.
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Table 3.1 Open-pollinated (OP) and control-pollinated (CP) families tested for frost damage from a factorial mating in E. globulus and E.
nitens x globulus and partial diallel in E. nitens . Provenances are Taranna (T), King Island (K), and Flinders Islands (F)in  E.
globulus and Toorongo (TO)in E. nitens. Cross types for each family included are indicated by annotation (KT, KK, FT etc.).

GSOP is from OP seed collected from trees in a seedling seed orchard, which were used as females, GOP is from OF seed
collected from trees in natural stands, which were used as males, and NOP is OP seed collected from E. nitens parents. NT and
NK are the F1 hybrid families of E. nitens x globulus with Taranna and King Island male parents respectively.
E. globulus males
or
T T4 15 T T? TI0 TII Tiz Ti3 Ti5 K20 K22 K25 K26
E. globulus  Ka KT KT KT KI' KT KT KT KK KK KK KK SOP
females g, KT KT KT KT KT KT KK KK KK GSOP
Ke KT KT KT KK KK KK KK GSOP
Fd Fr FT FT FT FK FK FK FK GSQP
Te TT T TT T TK Gsor
T T ™ TT TT TT GSOPr
Tg T T ™ TI TT TT TK TK Gsor
Th TT T TT 1T TK Gsor E. nitens males
opP COP GOP GOP GOP GOP GOP GOP GOP GO GOP GOP GOr Gor GcoPp TO-k TO-1 TOm TO-n TO-0 TO-p TO-q TOr
E. nitens TO-i NOP NN NN NN NN NN
females g NOP NN NN NN NN NN NN
TO-k NT NT NT NT NK NK NOP NN NN NN NN NN
TO-1 NT NT NT NK NK NK NOP NN NN NN NN NN NN
TO-m NT NT NT NT NT NT NK NK NK NOP NN NN NN NN
TO-n NT NT NT NT NI NI NK NK NN NN NN
TO-0 NT NT NT NT NT NT NK NK NOP NN NN NN
TO-p NT NT NOP NN NN
TO-q NOP
TO-r NOr
TO-s NT
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Single 8mm diameter leaf discs were placed in separate test tubes and racks of
tubes were placed in test baths at 2.00C. Bath temperature was lowered at

40C per hour to -2.0°C when 0.1g of finely crushed ice was added such that it

was in contact with the leaf disc to prevent super cooling. The bath

temperature was then lowered to the required minimum (-5.5, -7.0 or -8.5°C)

and held at this temperature for one hour. The racks of tubes were then

removed and placed in a refrigerator at 3°C for a 24-hour post-frost recovery
period. Two millilitres of deionised distilled water were then added to each
test tube and the racks were allowed to stand for a further 24 hours at room
temperature. Electrical conductivity of leachate from each sample (denoted ct)

was then measured. Racks of tubes were then immersed in a hot water bath at

800C for 10 minutes. After standing for a further 24 hours at room
temperature, conductivity of leachate (denoted ck) was remeasured and this
was assumed to be the absolute méximum conductivity. The three test
temperatures were conducted simultaneously as there were three baths
available. The degree of damage sustained by the leaf tissue was assessed

using a relative conductivity value (RC) calculated as (Raymond et al. 1986):

RC = f(ck = ct)/ck (Equation 3.1)

Statistical analyses

An initial analysis of residuals (not presented) based on individual disc RC
measurements was carried out to locate and remove outlier observations after
checking each test temperature. These outliers were generally where the ct
value exceeded the ck value or they were so close together as to indicate that
the freezing methodology was not effective. In the most extreme case 4% of

observations were removed. Once these outliers were removed, a mean value
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for each seedling was calculated and used in the genetic analysis. Overall

means and standard errors were calculated for each cross type.

Mid-parent heterosis (Hi2) was estimated as the deviation of the hybrid from

the mid-parent value (%) derived from the cross type means as:

Hiz= [[Fl—[(‘p' * P%D+[(Pl+ P%ﬂxloo (Equation 3.2)

where Fi is the mean RC value for the hybrid (intra- or inter-specific), P and

P2 are the means for parent 1 and 2 cross types respectively.

Inbreeding depression (ID) was estimated as the deviation of the open-

pollinated cross type mean from the control-pollinated cross type mean as:

ID(%) = lig(?—ﬂ]

x100 (Equation 3.3)
The tests of significance of the deviation of the F1 from the mid-parent value
and of differences between fixed cross types were undertaken using a mixed

model where family within cross type was the error term. These tests were

undertaken with the contrast option in PROC MIXED of SAS Version 8.

Analysis of the E. nitens half-diallel, the E. globulus factorial and E. nitens x
globulus factorial to obtain variance components and genetic parameters at
each test temperature were carried out according to the following model (in

matrix notation):

y=Xb+Za+Ws+e (Equation 3.4)
where y is a n x 1 vector of the mean relative conductivity (RC) for each
seedling, b is a p x 1 vector of the overall mean, a is a q x 1 vector of

unobservable additive genetic effects of the seedlings and parents, and in the

case of E. globulus and the F1 hybrids the genetic group (parental provenance -
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T, K, F), sis a r x 1 vector of genetic effects common to a full-sib family i.e.
specific combining ability (SCA) effects equivalent to one quarter of the
dominance effects (Falconer and MacKay 1996) assumed random, and e is a n
x 1 vector of residuals which includes three quarters of the dominance and
environmental error. X, Z, and W are known incidence matrices relating
observations y to effects in b, a and s respectively. The model assumes all
random terms are multivariate normally distributed random variables with

zero means and (co)variances as follows:

y IGZ’+R ZG’ WD’ R
GZ’ G 0 o0

Var N = (Equation 3.5)
s DW’ 0 S ¢
e R 0 0 R

1

where G = Diag{A x Ty; I x Tg} is the genetic variance-covariance matrix, A
the numerator relationship matrix between trees, TA the matrix of additive
genetic covariance of traits, and Tg the matrix of covariances for the

additional random effects (Meyer 1989), R is the matrix of variance-covariance

of the residuals and S the matrix of variance-covariance of the SCA effects.

Estimates of variance components were obtained by restricted maximum
likelihood (REML) procedures (Patterson and Thompson 1971). REML is an
iterative procedure where each iteration comprises an evaluation of the
likelihood for a given set of variance components. The process is repeated
until the likelihood is maximized. Assuming normality, an expression for this

likelihood (L), or equivalently, -2 times its logarithm, is:

- 2logL = const +log | R I+log| G i+logl Cl+y'Py (Equation 3.6)
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where R and G are as defined above, and C is the coefficient matrix in
Henderson's Mixed Model Equations (Henderson 1975). The matrix P is called

the projection matrix and is given by:

P=V'-VXX'V'X) X’V (Equation 3.7)

where V=(R + ZGZ' + WSW') is the total variance. The maximum of L (or the
minimum of -2logL) and the derivation of variances and covariances were

carried out using the program ASREML (Gilmour ef al. 1999).

2
sca

For CP material, estimates of additive, SCA and error variances (o2, o2, and

o’ respectively) were used to estimate narrow sense heritabilities (Hcr) as:

0..2

Wop = ——— 22— Equation 3.8
<P ol +ol, +o? (Eq )

sea

For OP progeny (GOP, GSOP, and NOP), a family model was fitted with
female provenance as a fixed effect. In this case, additive genetic variance (o2)
was estimated as: 2 = (I/7)0%mpe, Where 7 is the coefficient of relatedness,
assumed to be 0.4, which attempts to adjust for an outcrossing rate of 70% and
is a common assumption in analyses of OP eucalypt families (Griffin and
Cotterill 1988; Volker et al. 1990; Potts and Jordan 1994a). The heritability was

then calculated as:

2
Ou .
hop = (Equation 3.9)
(J}am(cr}pe) + O-E)

where g% is the among family within cross-type variance and o] is the

residual variance in this analysis.

For CP progeny, the dominance ratio, d?, an estimate of the relative

significance of dominance assuming no higher order gene interactions such as
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epistasis (Becker 1984), was calculated from the variances estimated from the

univariate individual tree model as:

d2 _ 4 O—gm

—_  “Usaa Equation 3.10
R (Eq )

Sampling errors of these estimates are usually approximated by the inverse of
the matrix of second derivatives (also called the Hessian matrix) of the log
likelihood function with respect to the parameters to be estimated. However a
Hessian matrix is not available with ASREML algorithms and an
approximation was obtained by numerical differentiation as described by
Nelder and Mead (1965). An individual tree, multivariate model was fitted to ~
estimate the genetic correlations between traits in different cross types (e.g.
GCP vs GOP & GSOP; GCP vs Fi vs NCP and NCP vs NOP). The genetic
correlations and their standard errors were estimated from the relevant
variance and covariance components using the CORR function in ASREML.
This uses a Taylor series approximation to derive standard errors (Gilmour et
al. 1999). Parameter estimates that differed by more than 2 standard errors

from zero were treated as significant (Gilmour et al. 1999).

Results and Discussion

Means

Frost tolerance, as measured by the relative conductivity (RC), was clearly
superior in E. nitens compared with E. globulus. Relative conductivity in E.

nitens control-pollinated progeny (NCP) decreased slightly, from around 0.88

at -5.50C to around 0.83 at -8.5°C (Table 3.2). In E. globulus control-pollinated

progeny (GCP) the drop in RC with decreasing temperatures was more

marked, from around 0.86 at -55°C to 0.61 at -8.50C (Table 3.2). The
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differences in RC between E. nitens and E. globulus were not significant at -

5.50C, but became larger and statistically significant at -8.50C (P < 0.001)
(Table 3.2).

Differences among E. globulus provenances (TT and KK) and inter-provenance
crosses (intra-specific hybrids - TK, KT, FK, FT) were also apparent at all
temperatures (Table 3.2; Fig. 3.2). The Taranna provenance (TT) was

statistically more frost resistant (P<0.05) than King Island (KK) at

temperatures -7.00C and -8.59C, with their inter-provenance crosses (TK and
KT) being intermediate (Table 3.2; Fig. 3.2) and not statistically different from
either parental provenance. Crosses between Flinders Island and either
Taranna (FT) or King Island (FK) were not significantly different from each
other and were also intermediate between TT and KK (Table 3.2). E. globulus,
OP progeny (GSOP and GOP combined) were less tolerant to frost than CP

progeny (GCP) for Taranna provenance at all temperatures (P<0.0001)

whereas for King Island the OP progeny were only less tolerant at -7.0 ©C

(P<0.01) (Table 3.2). OP families from Taranna provenance were more frost

sensitive (P<0.05) than from KI provenance at -5.50C and -7.00C only. In E.
nitens there was no significant difference in RC between the control-pollinated
(NCP) and the open-pollinated (NOP) progeny at any temperature (Table 3.2;
Fig. 3.1). The apparent poorer performance of open-pollinated material to
frost found in E. globulus has also been found in other traits (Hodge et al. 1996
and Chapter 4 in this thesis) and suggests that inbreeding depression occurs in
the progeny as a result of selfing and related mating among closely related
neighbours. Such neighbourhood inbreeding is likely to be more frequent in
native stands (Eldridge et al. 1993; Hardner ¢t al. 1996) than the seed orchard,
which is consistent with the slightly poorer performance of GOP than GSOP

seedlots.
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Table 3.2 Arithmetic means (mean) and standard errors (s.e.} based on family averages of
RC for different cross types of E. globulus, E. nitens and E. nitens x globulus at three
test temperatures. N is the number of families in each cross type. Overall mean for
each grouped cross type is shown in bold. Provenance is indicated in E. globulus
and E. nitens x globulus as T = Taranna, K = King Island, F = Flinders Island, in E.
nitens and E. nitens x globulus as N = Toorongo. GCP = E. globulus control-
pollinated, GSOP = E. globulus open-pollinated from seed orchard, GOP = E.
globulus open-pollinated from native stands, F1 Hybrid = E. nitens x globulus, NCP
= E. nitens control-pollinated, NOP — E. nitens open-pollinated.

Test temperature

Species Cross type N -5.50C -7.00C -8.50C
mean s.e. mean 5.e. mean 5.e.

E. globulus TT 19 0.872  0.005 0.831 0.007 0.640 0.019
TK, KT 20 0.864 0.003 0.803 0.005 0596 0.014
KK 11 0.856  (.004 0798 0.010 0.582 0.019
FT 4 0.853 0.013 0.817 0.013 0.594  0.042
FK 4 0.858  0.006 0.812 0.012 0615 0.023
GCP 58 0.864  0.005 0.813  0.008 0.609 0.015
T-S0OP 4 0.836  0.010 0.750 0.015 0470 0.023
K-50P 3 0.840 0.009 0.743 0.043 0522 0.048
F-50p 1 0.847 - 0.792 - 0.564 -
GSOP 8 0.839  0.010 0.752  0.025 0.501 0.031
T-0P 10 0.808 0.024 0.691 0.032 0456  0.020
K-OP 4 0.839 0.023 0734 0.039 0504 0.045
GOP 14 0.817 0.024 0.703 0.035 0.470 0.033

E.nitensx NT 28 0.867 0.003 0.801 0.006 0554 0.015

globulus 12 0876 0008 0827 0009 0611 0027

F: Hybrid 40 0.870 0,005 0.808  0.007 0571 0.020
E. nitens NCP 34 0.880 0.003 0.869 0.003 0.829  0.006
NOP 9 0900 0.003 0884 0.006 0.817 0.016

51



Chapter 3: Genetic variances and covariances for frost tolerance
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Relative conductivity (RC*)

GCP G50r GOP FlHybrid NCP NOP

Cross type

Figure 3.1 Mean relative conductivity (RC) at three test temperatures -5.5C (RC3). -7.0C (RC7),
-8.5C (RCB8) of families of E. globulus control-pollinated (GCP), open-pollinated
from seed orchards (GSOP), open-pollinated from natural stands (GOP), E. nitens x
globulus F1 Hybrids (F1 Hybrid), E. nitens control-pollinated (NCP) and open-
pollinated (NOP). Standard error bars are shown above each column.

(.90 -

0.80 -

0.70 -

0.60 -

Relative conductivity (RC*)

0.50

-5.5 -7.0 -8.5

Test temperature (C)

Figure 3.2 Relative conductivity (RC) at three test temperatures of intra-specific hybrid in E.
globulus(TK,KT) and interspecific F1 hybrid of E. nitens x globulus (NT and NK)
and pure species crosses in E. globulus (TT and KK) and E. nitens (NN).
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Raymond et al. (1992a) found the value of RC = 0.8 as the limit between
reversible and irreversible damage in E. nitens and E. regnans leaf tissue with
values lower than 0.8 indicating irreversible damage. Furthermore, the mean
RC value for discs taken from leaves was shown to be strongly correlated with
the amount of leaf damage in seedlings, with 0.8 corresponding to 50% leaf
damage (Raymond et al. 1992a). Although the relationship has not been
established for E. globulus it is reasonable to assume that it would be similar.

The RC values for E. nitens suggest that the species would suffer little damage

even at the lowest temperature of -8.5°C and much lower temperatures could

have been tolerated before a 50% damage (or RC = 0.8) is reached. In E.

globulus it can be determined that RC = 0.8 is reached at about -7.0°C in GCP
progeny and at slightly higher temperatures in GOP and GSOP. Although the
correspondence between bath temperatures and natural frost temperatures are
not well established, these critical temperatures agree well with direct
estimates of frost tolerance in hardened E. globulus seedlings in Portugal

(Almeida et al. 1995).

In the inter-specific F1 hybrid those crosses involving King Island E. globulus

(NK) only showed significant negative mid-parent heterosis at -8.5°C,

whereas the Fi’s with Taranna E. globulus (NT) show significant negative mid-

parent heterosis which is larger in magnitude at -7.00C and -8.5°C (Table 3.3)
and in both cases these inter-specific hybrids are not significantly different
from intra-specific crosses in E. globulus. The intra-specific hybrid (TK, KT) in
E. globulus is not significantly different from the mid-parent at all
temperatures (Table 3.3). In both cases the inter-specific hybrid is not different
in frost tolerance to the E. globulus CP (Table 3.2, Fig. 3.2). The tendency of the
Fi E. nitens x globulus to be closer in performance to the less sensitive E.

globulus has previously been observed (Tibbits et al. 1991D).
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Table 3.3: Heterosis estimates (%) for mean RC in intra-specific (E. globulus} and interspecific
hybrids (E. nitens x globulus) at three test temperatures. T = Taranna, K = King
Island in E. globulus and N = Toorongo E. nitens. TK is compared against the mid-
parent of TT with KK, NT and NK are compared against the mid-parent of TT
with NN and KK with NN respectively. Tests of significance ™ - not significant, *
P<0.05, ** P<0.001, ***P<0.0001.

Test temperature

Hybrid class Cross type

-5.5°C  -7.0°C  -8.5°C
Intra-specific E. globulus TK. KT 0.0%  -1.4m 2508
hybrid ’
Inter-specific E. nitens x NT -1.0 5.8 -24.6™
hybrid globulus NK 090  -0.8ns S13.4%

Variances and covariances

In E. globulus the GCP additive (o), SCA (ol,) and error (o) variances

generally increase with decreasing freezing temperature (Table 3.4). This was
associated with an overall increase in the level of damage with lower
temperatures. As damage approaches the RC = 0.8 level at -7.0°C the
heritability is not significantly different from zero. At -8.5°C, where there was
a significant level of damage, with most material killed (i.e. RC < 0.7) variances
were greatly inflated compared with lower temperatures and heritability

increased to 0.46 (Table 3.4).

Estimates of OP additive and error variance (GOP, GSOP, NOP) were
obtained from a family model, as it was not possible to fit an individual tree
model. The true error variance in these cases was not significantly different
from zero (data not shown), indicating the lack of replication of family
information in the trial (a maximum of 10 individuals per OP family).

Whereas in CP, an individual tree model was fitted and although there were
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only 10 trees per family tested, each male and female was represented across a

number of families.

Variance components also change with temperatures in open-pollinated

progeny and were much greater than corresponding variances in CP (Table

3.4). In GSOP, variances increased from -5.59C to -8.50C, reflecting increased
levels of damage. The corresponding heritability estimates had very large
standard errors. The heritability estimates appear to be similar in magnitude
for GSOP and GCP at -5.5 OC, where there was little damage. In contrast
GSOP heritability estimates were greater than GCP estimates at the lower
temperatures. In GOP, the variances peaked at -7.00C with heritability
estimates not significantly different from one at all temperatures. The most
likely explanation for the drop in variance at -8.50C is that most of the
material was killed. Extrapolating from calculations of Raymond et al. (1992a),
the RC value of 0.47 (Table 3.2) would correspond to 90 to 100% mortality for

the GOP progeny at -8.50C.

In E. nitens CP, there was little change in the phenotypic variance (= 0% + 0%a +
o2) between RC5 and RC8 (0.90 and 0.76 respectively), reflecting the lack of
damage caused by these test temperatures. Heritabilities were high but with
very high standard errors (Table 3.4). E. nitens OP gave larger error variances
and inflated heritabilities compared with CP, but also with very high standard
errors {Table 3.4).

In the E. nitens x globulus Fi estimates of the variance components are similar
in magnitude at all temperatures to those found in E. globulus CP (Table 3.4)
and appear to behave in the same way, which is reflected in the similarities for

h? at all temperatures, although in both cases the heritability is only

significantly different from zero at -5.50C.
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Table 3.4  Additive (023), SCA (Uzsca) and error variance (Gze), narrow sense heritability

(h2) and approximate standard errors, proportion of dominance (d2) for each
cross type within species and test temperature, for E. globulus, E. nitens and E.
nitens x globulus. In the case of the OP families, the error variance presented is
directly from the family model, includes a component of the additive variation
1.5*02fam(gype) and represents the variation within OP families. The error

variance estimate from the individual tree analysis of CP families does not
include an additive genetic component.

Species Cross Test oza °zsca oze 2 s.e. a2 s.e
type temp. 10 (x10%)  (x10%)

E .globulus  GCP 5.5 27 15 29 38 (18) 82 (24)

7.0 23 57 162 .10 (13) 94 (29)

-8.5 6.00 2.45 449 46 (21) 78 (26)

GOP -5.5 6.19 - 605 1.02  (30) - -

7.0 16.68 - 1470 113 (30) - -

8.5 11.06 - 887 1.25  (.30) - -

GSOP .55 56 - 137 41 (34) - -

7.0 6.19 . 611 101  (45) - -

-8.5 7.90 . 1257 63 (40) ; .

E. nitens NCP 55 51 25 14 57 (57 110 (1.81)

7.0 24 23 29 31 (25 121 (42)

-8.5 1.92 47 S .66 (43) 65 (1.08)

NOP .5.5 14 . 40 34 (29) - .

-7.0 69 - 68 102 (.36) - -

-8.5 5.29 . 506 105 (36) - -

E. nitens x F, -5.5 43 09 30 53 (200 42 (22

globulus Hybrid -7.0 65 47 1.72 23 (.16) 66 (.25)

8.5 4.85 3.89 655 .32 (200 102 (33)

Dominance effects were large for E. globulus, E. nitens and the Fi hybrid,
accounting for 42 to 100% of the total variance (Table 3.4), but with very high
standard errors. While there is evidence that dominance variance decreases
over time for growth traits, even at early ages the levels reported in Chapter 5
for growth traits are lower than found here for frost traits. SCA effects in this
experiment are likely to be inflated by the trial design and sampling strategy
where families were not replicated in the nursery and all seedlings in a family
were sampled at one time. However, while little environmental variaﬁon was

detected across the nursery in the control families tested, the SCA estimates
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are likely to confound true SCA effects and environmental differences
between families. This high estimated SCA effect could be a major contributor

to the inflated h? estimate in the OP material.

Table 3.5 Genetic correlation (rs), with standard errors in parentheses, of RC for CP with OP
and interspecific Fi hybrids in E. globulus and E. nitens at three test temperatures

Species Cross Test OoP F1 hybrid
type temperature

E globulus CP  5s50C -0.60(0.34)  0.04 (0.62)
700C -0.14 (0.58)  -0.26 (0.87)
850C 0.80 (0.40)  -0.25 (0.61)

E. nitens CP  550C 077 (0.71)  -0.66 (0.43)
7.00C 0.40 (0.31)  -0.31(0.82)
859C 0.80(0.34)  -1.08 (0.21)

The low genetic correlation of CP with OP performance in E. globulus (Table
3.5) was not significantly different from zero at -5.59C and -7.0°C and it was

only at the lowest temperature of -8.50C that the correlation was positive and
significantly different from zero. At this temperature there was considerable
damage to the E. globulus CP and the h? was the highest of all temperatures
(Table 3.4). In contrast within E. nitens there were reasonably strong genetic

correlations between OP and CP performance at all temperatures, although

standard errors were high and the correlation was only significant at -8.50C

(Table 3.5).

The results presented here initially indicate that, for the frost traits examined,
the Fi inter-specific hybrid demonstrates similar characteristics to the E.
globulus parent at the population level. However, within cross types the

genetic correlation (rgy) of pure species with inter-specific Fi hybrid
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performance (ie. correlation of GCA with GHA) was not significantly

different from zero in E. globulus (around rg = -0.25 at -7.00C and -8.50C; Table

3.5). In E. nitens there was a high negative genetic correlation of ry = -1.08+0.21

at -8.50C, while correlations at other temperatures were not significantly
different from zero (Table 3.5). This single significant result could arise if
different genes are the determinants of the trait in hybrid population
compared to one or both of the parental populations (Vigneron and Bouvet
2000), the hybrid combinations are influenced more by non-additive than
additive effects (Dieters and Dungey 2000) or other genetic factors such as
chromosomal structural differences impact on hybrid performance. This is

further discussed in Chapter 5.

Conclusion

Reliable estimates of genetic parameters of economically important traits are
essential to the success of a breeding program. Risk of significant frost
damage in Eucalyptus is known to vary due to environmental and
physiological conditions pertaining at a particular locality and time (Eldridge
1968; Raymond et al. 1986; Tibbits and Reid 1987a; Hallam and Tibbits 1988;
Tibbits and Hodge 2001). While it may not be possible to account for all these
factors when determining the absolute levels of resistance, results suggest that
provenances and individual trees can be accurately ranked when grown in a
common environment and tested at the same time. Previous studies with E.
nitens (Tibbits and Reid 1987a; Tibbits et al. 19915,' Raymond ef al. 1992b;
Tibbits and Hodge 2001) show a significant variation in frost tolerance, with
the trait being under moderate to strong additive genetic control. In E.
globulus CP, heritabilities were higher at RC5 and RC8 but low at RC7 which is

not consistent with the premise that heritabilities are highest at RC values
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around 0.7 - 0.8, (i.e. at intermediate levels of leaf damage), which has been

demonstrated as a statistical property of the trait used (Raymond et al. 1992a).

Large dominance effects found in this study may have been confounded by
the lack of replication of families in the field trial and sampling strategy
employed. This is a limitation of the experimental design and the capability of
the equipment, where material must be sampled over a number of days or
weeks. However, this is unlikely to impact markedly on h’» estimates or
cross type effects as the families themselves were randomised in space and

time.

It is clear from the results presented here, and previous studies in other
species with other traits, that the use of OP material can result in lower frost
tolerance levels and inaccurate estimates of additive genetic variance when

compared with CP crosses from the same parent.

The present study suggests that, like growth traits (Chapter 5), frost tolerance
of leaf tissue using the electro conductivity method also exhibits inbreeding
depression in E. globulus and this is likely to affect breeding value estimates.
The tolerance of OP seedlings is significantly less than that of CP progeny, and
these OP progeny are likely to contain varying levels of inbreeding (Hardner
and Potts 1995a). Furthermore, the correlation between breeding values
estimated from OP and CP populations is poor and only significant at the
most discriminating frost temperature. In contrast, there was no evidence of
inbreeding depression for frost tolerance in the OP progenies of E. nitens and
while still only significant at the lowest temperature, correlations between OP
and CP performance were constantly positive. This result suggests that gene
action is affected by’ cross type. OP estimates of genetic variances are
unreliable for these traits especially where there may be inbreeding effects

extant in native populations.
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It is clear that frost resistance is inherited in different manner in the inter-
specific F1 hybrid compared to the inter-provenance hybrids of E. globulus.
While the significant differences between TT and KK were inherited in an
intermediate manner in the inter-provenance Fi, the inter-specific F1 hybrid
between E. nifens and E. globulus exhibits frost tolerance comparable to the less
tolerant species, E. globulus. Furthermore, there is no correlation between
parental performance in intra-specific crosses compared with inter-specific
crosses (i.e. comparison of GCA with GHA) suggesting different genes or gene
interactions are at work in the different cross types. This also appears to be
more pronounced in the Taranna provenance of E. globulus than the King
Island provenance. The lack of correlation between GCA and GHA means
that performance in inter-specific F1 hybrids cannot be predicted from
performance in pure species crosses. The sample size in this experiment is
small relative to the whole specific gene pools, which is reflected by high
standard errors associated with these correlation estimates. Therefore these
correlation estimates are somewhat unreliable and may differ with a larger
sample size. The correlation of GCA and GHA is discussed further for other

traits in Chapter 5.

It appears there is no overall advantage in a hybrid combination over pure E.

globulus for the objective of improving frost resistance as was initially hoped.
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Chapter 4: Comparison of genetic
parameters for open-pollinated
.and control-pollinated families of
Eucalyptus globulus and E. nitens
grown across multiple sites

Introduction

Most Eucalyptus species are still in the early stages of domestication and the
majority of breeding programs have been based on estimates of genetic
parameters (e.g. narrow sense heritability, genetic correlations) derived from
open-pollinated (OP) populations (Eldridge et al. 1993). The accuracy of such
genetic parameters and predicted breeding values, however, has been
qﬁestioned. Most eucalypt species have mixed mating systems (Potts and
Wiltshire 1997) and simulation studies have shown that heterogeneous selfing
rates and associated dominance effects can bias heritability estimates in OP
(Borralho 1994). Resende et al. {1995) have shown that overestimétes of
genetic gain are always obtained when mixed mating systems are not taken
into account. OP heritabilities are estimated assuming that variation among
OP families mainly reflects additive genetic variation amongst the female
parents. However, there is increasing evidence in Eucalyptus that variation in
growth rate, at least, is associated with variation in outcrossing rates amongst
the female parents. A comparison of selfs with OP and control-pollinated
(CP) progeny in E. regnans demonstrated inflated heritability estimates for OP,
while self and CP estimates were similar (Griffin and Cotterill 1988). In this
case OP heritability estimates.appeared to be inflated by heterogeneity in
outcrossing rates and inbreeding depression which were also influenced by
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mortality and stand age (Hardner and Potts 1995b). Burgess et al. (1996) have
clearly demonstrated that variation in the growth performance of native stand
OP progeny was associated with different outcrossing rates in E. grandis.
Lower outcrossing rates in parental populations resulted in poorer mean
growth rate of progeny. In the case of E. globulus, the growth of OP families
was significantly affected by the density and isolation of the native stand from
which the seed was collected (Borralho and Potts 1996), which appeared to be
due to higher outcrossing in the more dense stands (Hardner et al. 1996).
Subtle variation in outcrossing rate may markedly influence the average
growth rate of OP progenies of E. globulus as inbreeding is severe. For
example, selfs are at léast 25% smaller in diameter at 4 years than control-
pollinated (CP) progenies from the same parents (Hardner and Potts 1995a;
Hardner et al. 19§8).

Estimates of OP genetic parameters for E. globulus have generally been
derived from provenance/progeny trials established using native forest
sourced seed, in particular from the Orme collection (Orme 1977; Volker and
Orme 1988) and the more comprehensive range-wide E. globulus ssp. globulus
base population collection undertaken by CSIRO (Gardiner and Crawford
1987; 1988). Heritabilities have been reported from thésé trials for numerocus
traits including growth traits such as diameter, height, cross sectional area and
volume (Volker ef al. 1990; Ipinza et al. 1994; Potts and Jordan 1994b; Borralho
et al. 1995; MacDonald et al. 1995; MacDonald et al. 1997), pulp yield and basic
density (Dean et al. 1990), leaf morphology (Potts and Jordan 1994a), flowering
time (Gore and Potts 1995), drought tolerance (Dutkowski 1995), survival
(Chambers et al. 1996), flowering precocity (Chambers et al. 1997), wood
density (MacDonald ef al. 1997), timing of vegetative phase change and first

flowering (Jordan et al. 1999). Genetic parameters for growth and wood
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quality of OP E. globulus material derived from other sources have also been

reported (Woolaston et al. 1991a; 1992b; Borralho et al. 1992a; 1992¢).

Two major paper companies commenced domestication of E. nitens in
Australia in the early 1980’s (Australian Paper Manufacturers in Gippsland,
Victoria and Associated Pulp and Paper Mills in Tasmania). The State forest
services in Victoria and Tasmania also commenced work but at a lower
intensity. Genetic parameter estimates using progeriy of E. nitens OP material
collected in native stands, have been reported for growth (Purnell 1986;

Woolaston et al. 1991b; Whiteman et al. 1992; Kube et al. 1996; Gea et al. 1997;
| Tibbits and Hodge 1998), frost tolerance (Tibbits and Reid 1987a; Raymond et
al. 1992b; Tibbits and Hodge 2001), Pilodyn (Greaves et al. 1995), basic density
and pulp yield (Greaves et al. 1995; Gea et al. 1997; Greaves et al. 1997b; Tibbits
and Hodge 1998).

In 1986 a control-pollination program within and between E. globulus and E.
nitens was commenced (see Chapter 2). One of the objectives of the crossing
program was to determine if genetic parameters estimated from open-
pollinated material were reliable. The only way to empirically test this
hypothesis was to undertake control-pollination with the same parental
material from which OP seed was sampled and directly compare genetic
parameters estimated from both CP and OP material. The program was also
used to determine the relative importance of additive and non-additive

genetic effects, which cannot be determined using OP progeny.

Genetic parameteré from these crosses have previously been reported for frost
tolerance (Volker et al. 1994), growth (Hodge et al. 1996), Mycosphaerella leaf
disease (Dungey et al. 1997), timing of vegetative phase change and first
flowering (Jordan et al. 1999). Chapter 5 in this thesis also compares genetic

parameters for growth and Pilodyn penetration of within and between

63



Chapter 4: Comparison of open:pollinated and control—pollinatéd genetic parameters

provenance crosses in E. globulus, within provenance crosses in E. nitens and E.

nitens x globulus F1 hybrids using the same parents at one site.

The present chapter directly compares genetic parameters and the
performance of progeny derived from the same parents, used in OP and CP,
for both E. globulus and E. nitens. The traits examined are growth (as
estimated by diameter at various ages up to 6 years) and Pilodyn penetration
at age 6 years, an indirect measure of wood density (Raymond ef al. 1998) at
individual sites. An across site analysis is also used to compare the effect of
age on genetic parameter estimation and the magnitude of genotype by

environment interaction, for OP and CP material.

Materials and methods

Crossing design

The crossing design used in this study is described in Chapter 2 (Table 2.1).
This chapter relates to comparison of control-pollinated (CP) and open-
pollinated (OP) material within E. globulus and E. nitens. The notation used
for identifying cross types is GCP (E. globulus CP), GOP (E. globulus native
stand OP), GSOP (E. globulus seed orchard OP), NCP (E. nitens CP) and NOP
(E. nitens OP). In the genetic parameter analysis of OP in E. globulus, seed
orchard open-pollinated (GSOP; 8 parents from 3 provenances, 3 King Island,
1 South Flinders Island and 4 Taranna) and native stand open-pollinated
(GOP; 26 parents from 2 provenances, 16 Taranna and 10 King Island) cross
types were combined, after initial analysés showed there was little further

information to be gained by treating them as separate cross types.
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Field trials

The field trials are described in Chapter 2 and specific field trials used for this

chapter are detailed in Table 4.1.

The survival at each site was variable. Severe mortality of E. globulus during
the first year at the HA site was caused by frost. The FR site was influenced
by mammalian browsing in the first two years. The other sites also were
influenced by varying levels of defoliation, pérticularly by Mycosphaerella spp.
leaf fungi (Dungey et al. 1997). Despite these problems six sites were able to
provide sufficient data for analysis (WR, FL, FR, HA, PA and WA).

Measurements

The results reported here are the result of measurements of diameter at breast
height (1.3 m) over bark which were taken on all trees in each trial in 1992
(D2), 1993 (D3), 1994 (D4) and 1996 (D6). WA was only measured for D3 and
De6; FL we;s not measured for D3 and HA was not measured for D4. In 1996, a
Pilodyn reading was made on three trees in each plot (P6) at all sites except
HA. The Pilodyn measurement was an average of two readings taken on the
western side of each tree according to the method described in Raymond and

MacDonald (1998).
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Table 4.1 Location and design of field trials for comparison of control-pollinated (CP) and open-pollinated (OP) families
of E. globulus and E. nitens. The trials at West Ridgley, Flynn and Manjimup also included families and seedlots
of other material not reported here.

Ties i
Trial Design Number of families in each
Code  Site State  Latitude Longitude Altitude (m) Incomplet Plots E. globulus E. nitens
e blocks
er per
P block CcP OP CP OP
replicate
WR West Ridgley TAS 41209'S 145%46'E 160 15 20 168 32 35 9
FR Franklin TAS 4304’5 146°33'E 370 9 13 73 26 9 6
HA Hampshire TAS 41015'5 145°45°'E 470 7 9 0 30 i6 8
PA Parkham TAS 41°26'S 146°37'E 200 13 14 135 30 1 8
FL Flynn VIC 38°18'S 146°40'E 170 11 18 11 28 32 9
WA Manjimup WA 34012°S 116°01'E 240 11 1 96 28 0 5
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Data analysis

All trees which survived to age 6 were included in the analysis of growth
regardless of their size. Quantitative genetic analyses were undertaken using
the program ASREML, which uses the average information algorithm and
sparse matrix technology (Gilmour et al. 1999) to calculate restricted maximum
likelihood variances and covariances for the random effects in univariate and

multivariate mixed models.

In general, variance and covariance components for CP progeny were

calculated with an individual tree model as:

y=Xic+Xor+Zia+Z;s+Z:b+Zip+e (Equation 4.1)

where y is an n x 1 vector of individual diameter or mean Pilodyn
measurements, ¢ is a vector of fixed cross-type effects (i.e. provenance effects
in E. globulus — TT, KK, [TK and KT], FT, FK), r is a vector of fixed site and
replicate effects combined (in the case of single site analyses only the replicate
effects from the site were used), a is a vector of additive genetic effects (i.e.,
breeding values of individuals and parents), s is a s x 1 vector of randoﬁl
genetic effects common to each full-sib family (i.e., specific combining ability),
b is a b x 1 vector of random effects common to each incomplete block (within
each replicate), p is a p x 1 vector of random effects common to each plot (i.e.

plot effect), and e is an n x 1 vector of residuals, expected to include the
remaining three quarters of the dominance variance and environmental
effects. X1, Xo, Z1, Z», Z5 and Za are incidence matrices relating observations in
y to effects in ¢, 7, a, 5, b and p respectively. OP progeny were examined using
Equation 4.1, excluding the full-sib family term (Z:s). It was the female
provenance which was used as the vector of ¢ in this case. The same general

model was used for univariate and bivariate analyses. The term Xic was
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excluded from the model for analysis of E. nitens CP and OP progeny as only

one provenance was represented.

The analyses undertaken with the general model described above were of five
types. The first type used only the CP data and fitted an individual tree
model with a matrix of relationships derived from the pedigree of each tree
used to estimate additive variances (Gilmour et al. 1999). The second type of
analysis, used only CP data and followed a bivariate individual tree model
with the same effects (minus the generally insignificant plot term) as the
univariate model for each trait and unconstrained covariances between traits.
This model was used to determine the correlation between traits within a
cross type. The third type used a univariate individual tree model to estimate
the levels of additive variation among females from the OP cross types. The
fourth type was the bivariate extension of the previous analysis used to
estimate genetic correlations between traits of the QP progeny, but again with
the plot term excluded. The fifth type used a bivariate, individual tree model
of all data to estimate genetic covariances existing between CP and OP
populations, from which genetic correlations were calculated. In this analysis
the full sib family term Zs was only fitted for the CP population. The genetic
correlations could be calculated due to the common parent pedigree links

between these two populations.

The variance and covariance components estimated from these models were
treated as significantly different from zero (P < 0.05) if the parameter estimate
was more than twice the magnitude of the stanciard error, and not significant
if the ratio was less than one (Gilmour ef al. 1999). If the ratio was between 1
and 2 the significance of the estimate was tested using a likelihood ratio test
(Gilmour et al. 1999). Tests of variances in the univariate analyses compared
models including and excluding the relevant effect. Specific tests of the

significance of the difference of correlations from zero were made by
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comparing the likelihood ratio derived from the unconstrained bivariate
model to that from a bivariate model where the correlation was constrained to

zZero.

Individual narrow sense heritabilities for CI> were calculated as:

oh

2 2 2 2
O + O seu + O'plnr + T

hip = (Equation 4.2)
where‘aﬁ , 0%, 0% and gl are the additive within cross type, SCA within
cross type, plot and residual variances from the univariate individual tree

model respectively. These were compared with individual narrow-sense

heritabilities from the OP progenies calculated as:

0.625 X o _
hip = Equation 4.3
o (O'fi + af,rm + a?) (Eq )

o in the individual tree model is calculated assuming OP families are half-sib
families where the coefficient of relatedness (r}) is 0.25. The additive variance
estimate from the individual tree model was multiplied by 0.625, to adjust the
coefficient of relatedness in OP families to be 0.4, which is a common
adjustment used to account for an outcrossing rate of 70% in eucalypts (Griffin
and Cotterill 1988; Volker ef al. 1990; Potts and Jordan 1994a). These OP

heritability estimates assume that non-additive variances are small.

For CP, the dominance ratio, d?, an estimate of the relative significance of
dominance assuming no higher order gene interactions such as epistasis
(Becker 1984), was calculated from the variances estimated from the univariate

individual tree model as:

2
2 = 4 Csen
O3+ Okat O+ O

(Equation 4.7)
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Genetic correlations were calculated from variance and covariance

components according to the general formula:

Ts(1,2)

Yo,y =
«\/0'3(1)0'3(2)'

(Equation 4.8)

where rs.2 is the correlation between traits 1 and 2 at level s (e.g. the additive

genetic effects), O s0.2) is the covariance between traits at that level and g2,

and ¢}, are the variance components for each trait at that level. Correlations

between growth traits at various ages and Pilodyn were calculated from the
additive variances and covariances estimated with the bivariate analysis of CP
and OP data séparately. These correlations indicate the degree of additive
genetic dependence of the traits. Correlations between OP and CP
populations for a specific trait were estimated directly using variances and
covariances derived from equation 4.1 as previously described. These genetic
correlations are based on the genetic effects nested within cross type and
indicate the degree to which additive genetic effects are reflected in the

genetic variation amongst OP families.

The expression of genetic effects across sites was examined using the more

complex individual tree model:

y=Xi1c+ Xal+ Xacl+ Xar + Zyb+ Zoa+ Z3s+ Zs fl+ Zsml+ Zg sl + e (Equation 4.9)

where in addition to the terms defined for equation 4.1, / is a vector of fixed
site effects, r is a vector of fixed replicate effects, ¢l is a vector of fixed cross
type by site effects, fI, ml and sl are vectors of random female by site, male by
site and family by site effects respectively. Xi, Xz, Xa, X4, 7, Z2, Z5 Z4, Zs, and
Zs are incidence matrices relating observations in y to effectsinc, I, cl, 1, b, 4, 3,

fi, ml, and sl respectively. The plot term was not included in this model as it
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was generally insignificant and its inclusion caused difficulties in model
convergence. For the analyses of the OP progenies, the terms associated with

sl, ml and s were excluded from the model.
Across site, individual narrow sense heritabilities for CP were calculated as:

ol

h(ZL‘P =
Oot G+ O+ Ot + Olps + OF

(Equation 4.10})

whereg), 0%, 0%, 0%1, 0%, and ¢! are the additive within cross

type, SCA within cross type, SCA by site, female by site, male by site and
residual variances from the univariate individual tree model respectively.
These were compared with individual narrow-sense heritabilities from the OP

progenies calculated as:

n, - 0.625 x ¢ 2
T Giroi+a?)

(Equation 4.11)

following the logic associated with equation 4.3. The across site dominance
ratio, d?, was calculated using the numerator from equation 4.7 with the

denominator of equation 4.10.

The genotype by environment interaction was measured using a type B
genetic correlation, defined as the correlation of genotype performance across
environments or g x e (Burdon 1977; White and Hodge 1989) from which the

equation has been interpreted as:

2 2
ry = ——af = el (Equation 4.12)

o+ o , (Gratois),
ro.t 2

where &2 is the genotypic variance, g2 is the genotype x environment
g g€

variance, ¢3,, o .., are the female and male by site variance components
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respectively, and r = 0.25 for CP and 0.4 for OP. In the case of the OP ¢ 7, ,

was equated to o %, .

The correlation of specific combining effects in CP across environments was
calculated as:

2
T sca

SR 2 | N— (Equation 4.13)
O'Em + O-gm.s

rsca

where g2, | is the variance of interaction of SCA and site.

For comparison of cross types GCP, GOP, GSOP, NCP and NOP least squares
means were estimated using equation 4.1 for each site where these cross types
were the levels in the vector ¢. Inbreeding depression (ID) in open pollinated
progeny was calculated following Hodge et al. (1996) as the difference in least
squares mean value for OP (either GOP or G50P) and CP material expressed

as a percentage of the CP (or outcross) mean for each species at each site:

ID(%) = [ﬂgg} x 100 (Equation 4.14)

Results

Within site analysis

The least squares means (Table 4.2) show a general trend for growth within E.
globulus of GCP>GSOP>GOP across all sites and ages. Within E. nitens there
was little difference in performance between NCP and NOP. By age 6,
diameter growth of E. nitens was significantly greater than that of E. globulus

at all Tasmanian sites (WR, FR, PA, HA). E. globulus was significantly better
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than E. nitens at FL (Victoria) while there was no significant difference

between the two species at WA (Western Australia).

Inbreeding depression was evident in GOP with levels varying from 5% to
13% for growth traits across all sites (Table 4.2). GSOP showed much lower
levels of inbreeding depression for growth at about 1 or 2 %, except at FR
where levels were similar to GOP at about 8%-. E. nitens showed little or no
inbreeding depression for growth, with no significant difference between the
performance of NCP and NOP (Table 4.2). In Pilodyn traits there was little
inbreeding depression evident for E. globulus or E. nitens, with only GSOP at
FR showing a level of 7%, which was still not significantly different from GCP

least squares mean and NOP showing a level of -8% (Table 4.2).

In E. globulus, pp, for D6 (range 0.11 to 0.35; average 0.24) was virtually double
her (0.07 to 0.18; average 0.12) for all sites except PA (Table 4.3). The
comparison of pg with dgp in E. globulus shows that dominance effects
(range 0.05 to 0.31; average 0.14) are similar in magnitude to additive effects
for D6 at all sites, although both genetic effects are quite low, except at WA
where g%, is relatively high (0.31) and p%, is moderate (0.18). 2, was
significantly different from zero at WR, PA and WA only. 4%, and hb, were

significantly different from zero at WR and WA only.
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Table 4.2 Least squares means (LSM) for each cross type for each trait (D2, D3, D4 and
D6 being diameter at ages 2,3, 4 and 6 years, and P6 being Pilodyn at 6 years)
obtained using equation 4.1 and inbreeding depression (ID) for OP compared
with CP at each site. Cross type notation is detailed in the text. The overall
standard error or the difference in is indicated {Overall SED). Inbreeding
depression for Pilodyn is considered to be positive with greater Pilodyn
penetration in the OP compared with CP (i.e. increased Pilodyn penetration
is a less desirable trait). ID was not calculated for NOP at PA as only one
NCP family could be used for comparison.

D2 D3 D4 Do Pé
Site Cross TTTTTTTommmommommTTTn mmmommmmIITITT mmmmmTTTT
type LSM 1D LSM 1D LSM ID LSM 1D LM ID
(mm} (%) (mm} (%) (mm) (%) (mm) (%) (mm) (%)
WR GCP 73.0 117.0 138.4 1754 13.28
GOP 69.0 5 110.6 130.2 6 161.5 8 13.24 0
GSOP 73.7 -1 117.2 1374 1725 13.47
NCP 77.4 126.7 151.5 191.8 13.62
NOP 78.1 -1 127.5 -1 151.8 0 189.1 1 13.94 0
FL GCP 52.2 123.6 159.2 11.2%
GOP 47 4 9 114.9 7 144.8 9 11.32 0
GSOP 51.9 1 1225 1 156.8 1 11.50
NCP 26.3 94.5 138.2 12.29
NOP 27.6 -5 95.5 -1 139.5 -1 12,34 0
FR GCP 274 65.2 87.1 126.9 12.75
GOP 23.8 13 59.4 9 79.8 113.5 11 12.47 2
GSOP 25.2 8 60.1 8 81.4 116.5 8 13.32 7
NCP 275 67.3 95.4 144.5 14.26
NOP 23.3 15 60.6 10 87.3 8 136.7 5 13.16 -8
PA GCr 44.9 88.6 118.3 143.9 11.68
GOP 41.3 8 83.9 111.8 130.7 9 11.75 1
GSoP 445 88.6 118.2 144.3 0 11.91 1
Ncp 351 80.1 131.2 163.5
NOP 47.7 - 94.8 131.3 - 166.0 . 12.03
HA GOP 329 66.6 113.1
GSOP 37.6 72.6 112.7
NCP 4.0 97.7 186.7
NOP 44 8 -2 99.5 -2 179.7 4
WA GCP 98.4 157.8 12.90
GOFP 93.6 5 142.6 10 13.30 3
GSOP 98.8 0 154.9 2 12.85 0
NOP 101.4 168.0 13.17
Overall SED 4.5 7.0 81 12.1 0.72
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Table 4.3 Comparison of variance components and heritabilities in CP and OP E. globulus and E. nitens at each site for Q
D6. Standard errors are in parentheses. Parameters could not be estimated for E. nitens OP at FL. 2
8
“
.
Control - pollinated Open - pollinated O
SITE =)
3
ogh(se)  Oa(se) OHu(se) oO%(se) hixr(se) d%r(se) ot(s.e.}) O%li{s.e) o%(se) hor(s.e) 5
. B
E. globulus s

. H
8 =
=
WR 119 (41)  225(102) 97(151)  705(32) 0.14(0.05 0.10 (0.05) 406 (170) 0 761(130) 035 (0.13) S
3
FL 65(32)  107(11.8) 657(193) 729(32) 007(0.04) 0.05(0.06) 226 (133) 0 1186 (128)  0.16 (0.09) =
§.
FR 107 (63)  37.3(219) 250(245) 727(48) 0.12(007) 0.7 (0.10) 284 (137) 0 723 (188)  0.24 (0.11) - §
3
PA 71 (34) 97(102) 31.2(17.9)  692(33) 0.09(0.04) 0.5 (0.05) 100 (81) 0 773(122)  0.11 (0.08) 2.
-8
=
WA 179 (55)  78.2(14.3) 102(131)  738(37) 0.18(0.05) 0.31(0.05) 404 {169) 0 526 (221)  0.34 (0.13) g
i
E. nitens =
WR 611 (307) 35 (27) 2136) 450 (161) 055 (0.20)  0.13 (0.10) 115¢166)  113(89)  704(226) 0.11 (0.16) g
&
FL 158 (137) 0 170 (97} 1476 (131)  0.09 (0.07) 0 1795 (251) 298 (290) 1077 (151) 0.57 (0.05) =
g
HA 530 (325) 0 79(67)  533(181)  0.46(0.23) 0 1795(251) 289 (290) 1077 (151)  0.57 (0.05) 2
=
FR 6.7 (152) 0 300(165) 1349 (186) 0.02 {0.51) 0 0 66 (172) 1059 (160) 0 g
2
PA - - - - . - 264 (252) 0 286 (317)  0.37{0.31) 3.
o
WA . . C . - - 113 (237) 0 774 (228)  0.13{0.26) )
oy
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The WR, HA , FR and FL sites were the only sites where there were multiple
CP E. nitens families (Table 4.1) to make an estimate of variance components
and genetic parameters (Table 4.3). These remaining sites showed
considerable differences in performance (Table 4.2) for D6. At FL there is
considerably more error variance, little additive variance and no SCA variance
which contrasts with results for E. globulus CP at this site where error variance

was comparable with other sites and d? was moderate.

The E. nitens p3, estimate at WR was much less than the 4%, estimate (0.11
and 0.55 respectively), whereas at FL E. nitens p%, was 0.09, while }, was a
very high at 0.57 (Table 4.3). At FL, where E. nitens has much poorer
performance than E. globulus (Table 4.2), it appears that E. nitens pz,» has been
significantly reduced in comparison to WR and HA, which are sites where E.
nitens is the better species for D6. The FR site, which only contained a few E.
nitens families, demonstrated no significant additive genetic effect in E. nitens
OP and CP. At all sites, 47 was not significantly different from zero for E.

nitens.

Estimates of E. globulus phgpfor P6 (range 0.28 to 0.32; average 0.30) were
considerably higher than for D6, with low levels of 4 (0 to 0.11; average
0.06) (Table 4.4), indicating a high level of additive genetic control of the
Pilodyn trait. As for D6, the E. globulus hj, for Pé (range 0.46 to 0.60; average
- 0.54) was considerably higher than the comparable 4z, estimate obtained at

the same site. Virtually all heritability estimates had standard errors which

indicated they were significantly different from zero (except kg, for P6 at FL),

whereas g%, was only significant at WA.
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Table 4.4

Comparison of variance components and heritabilities in E. globulns and E. nitens at each site for P6.

Standard errors are in parentheses.

Control - pollinated

Open - pollinated

SITE
G2 O Zca O 2plot c2% hZcr d?cr G O Zpiot o2 h%or
E. globulus
WR  068(0.21)  0.03(0.02) 0 1.49(0.12) 0.31(0.08) 0.06 (0.05) 1.96 {0.69) . 1.29(0.54) 0.60 (0.18)
FL 039 (0.14)  0.04(0.03) 0.09 (0.04) 0.87(0.09) 0.28 (0.09) 0.11 (0.08) 0.87 (0.37) 0.05(0.09) 0.77(0.24) 0.51 (0.26)
PA 0.69 (0.22) 0 0.42 (0.06) 1.06 (0.13) 0.32 (0.09) 0 1.02(0.46) 0.07(0.12) 0.51(0.57) 0.46 (0.20)
WA 0.59(0.12) 0.04(0.01} 0.19(0.02) 1.20(0.07) 0.29(0.05) 0.08 (0.02) 1.96 (0.74) - 0.11 (0.94) 0.60 (0.18)
E. nitens
WR 0.29(0.24) 0.10 (0.09) 0 1.79(0.20) 0.13(0.11) 0.18(0.16) 0.50 (0.75) 0.81(0.86) 0.98(0.51) 0.22(0.50)
FL 0.92(052) 0.05(0.08) 0.09(0.12) 1.38(0.29) 0.38(0.13) 0.08 (0.13) 0 0 1.68 (0.26) 0
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In E. nitens at WR there was a low g, (0.13) for P6, with a higher estimate for
hor (0.22), however both estimates were not significantly different from zero.
‘At FL the E. nitens ng for P6 was relatively high (0.38) and significant while

hh» was zero. HA was not assessed for this trait.
Pooled analysis across sites

The pooled analysis across sites (Table 4.5) in E. globulus shows that pgp for
growth traits remains low and fairly constant (range 0.06 to 0.10; average 0.08)
for the four ages measured. In contrast z5, is always higher and shows
moderate levels which increase with age (range 0.10 to 0.22; average 0.16).
There is consistently higher additive and error variance estimates for growth
of OP compared with CP. The p, estimate for D6 across sites (0.06) is
considerably lower than the average of 0.12 derived from the individual site
analyses (Table 4.3), whereas the OP estimates are similar in both cases (0.22
for across-site and 0.23 for average of individual sites). In P6 #%, and h3, in
across-site analysis (0.25 and 0.61 respectively in Table 4.5) are similar to the
averages derived from individual site analyses (0.30 and 0.54 respectively,
derived from Table 4.4). Dominance variation (4%;) is insignifiéant for all
growth traits in the .across—site analysis. The average 4%, for D6 using
individual site analysis is 0.14 (derived from Table 4.3) compared with 0.02 for
the across-site analysis (Table 4.5). 4¢, is small and significant at 0.05+0.02 for
P6 in the across site analysis (Table 4.5) and is similar to the average of the

individual sites (0.06) from Table 4.4,

In E. globulus, type B correlations (rv) were much larger for OP (range 0.61 to
0.92; average 0.78) than CP (range 0.36 to 0.64; average 0.52) for all growth
tra‘its at all ages whereas for P6, they were high for both OP (0.88+0.07) and CP
(0.84+0.06) (Table 4.5). This indicates that there is more genotype by

78



Chapter 4: Comparison of open-pollinated and control-pollinated genetic parameters

environment interaction in CP material for growth traits, while P6 is stable
across sites regardless of cross type. Type B correlations for diameter growth
in both CP and OP material increased markedly between age 2 and 3 years
and stabilized thereafter, indicating genetic effects for growth tend to be more
stable across sites after about 2 years. The average inter-site correlation of
SCA effects (rs2) was low and not significantly different from zero for all
growth traits but was relatively high for P6 (r«.= 0.72£0.33). It is apparent that
SCA effects appear to be more site specific for D6, where significant effects”
were found at WR and WA only (Table 4.3) and have been reduced to
virtually zero in the across site analysis (Table 4.5). However, SCA effects for
P6 are relatively stable even though they are quite small at each of the sites

(Table 4.4).

In contrast to E. globulus, the h? estimates for OP and CP E. nitens were
comparable in across site pooled analyses for all growth traits and P6 (Table
4.6). In all cases these estimates for growth were moderate to high (0.12 to
0.32; average 0.24). There was no significant 4> for any trait. The averages of
individual site analyses for D6 are comparable with across site analysis for OP
and CP heritabilities (0.37 and 0.28 respectively, derived from Table 4.3) and
for CP heritability for P6 (0.26 derived from Table 4.4). The average of the OP
heritabilities for P6 from the two individual site analyses (0.11 derived from
Table 4.4) is considerably lower than obtained from the across site analysis
(0.35+0.19; Table 4.6) where all sites with E. nitens were included in the

analysis.

Type B correlations in E. nitens were usually lower in OP than CP for growth
traits, although the differences were not significant except at D6 (Table 4.6). In
P6 the correlation was effectively one, indicating that the additive genetic
effects were perfectly correlated across sites with no genotype by environment

interaction. There was no significant correlation of SCA effects across sites
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(Table 4.6) as there were no significant SCA effects at the individual sites
(Table 4.4).
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Table4.5  Genetic parameters (z standard error) for growth traits and Pilodyn penetration derived from pooled analysis of E. globulus g{
‘P and OP across sites. ' =
b}
S
Cross -
TRAIT type Fa (s.e.) Osca (S.E.) Otscas (S.E.) O (S.E.) Olms (S.E.) OPsrb (s.e.) O% (s.e.) h2 d? o3 Tsca Q
3
cp 8(4) 1 4(1) 4(2) 3(I) 4(1) 110 (3) 0.06(0.03) 0.02(0.02) 0.36(0.14) 0.18(0.16) 2
=
D2 S
=,
or 16 (7) 4(3) 9(3) 133 (7) 0.10 (0.05) 0.61 (0.21) Py
kS
T
B~
cr 24 (8) 1Q) 6(2) 4(2) 3 39 (6) 213 (6) 0.10(0.03)  0.01(0.02) 064 (0.13) 0.14(0.17) =,
=
D3 2
o]
or 61 (22) 4(5) 34 (10) 271(13) 0.18 (0.06) 0.87 (0.16) ‘ §'
2
- 8
CP 32(12) 2(2) 9(3) 6 (3) 5(2) 30 (4) 341 (8) 0.08 (0.03) 0.02(0.02) 0.60(0.13) 0.16 (0.17) g,
=
D4 -é
oP 85 (34) 12(9) 22 (9) 460 (28) 0.15 (0.06) 0.74 (0.17) =
g
g
CP 48 (18) 5(3) 19(3) 18 (8) 5(3) 26 (5) 725 (14) 0.06(0.02) 002(002) 051(0.14) 0.20(0.14) o2
D6 s':g'
R.
or 272 (90) 10(13) 23017 940 (64) 0.22 (0.07) 0.92 (0.10) =
2
R
cP A7 (14) 02 (.01) 01 (01 02 (.01) 02(.01) 20(03)  131(08)  025(0.07) 0.05(0.02) 0.84(0.06) 0.72(0.33) )
w
P6

or 1.43 (46) .08 (.04) 34 (.08) 82(28)  0.61(0.15) 0.88 (0.07)
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Table 4.6

Genetic parameters (+ standard error) for growth traits and Pilodyn penetration derived from pooled analysis of E. nitens CP
and OP across sites.

C
TRAIT t;:ses Ga (s.e.) Osca (S.e.) Oscas (S.e.) Os (S.e.) FRmas (S.E.) FParb (s.e.) O (S.e.) h? d? Ib Fsca

CP 16 (10) 0 4(3) 1(2) 33) 23(9) 112 (7) 0.12 (0.07) 0 0.67 {(0.26) 0
D2 -

QP 27 (22) 10 (7) 4011} 130 (16) 0.16 (0.12) 0.53 (0.30)

CP 107 (56) 0 2 (6) 0 4(6) 45(12) 226 (31) 0.32 (0.14) 0 0.93 (0.11) 0
D3

or 96 (60) 19 65 (20) 247 (41) 0.28 (0.16) 0.97 (0.23)

CP 123 (76) 0 10(14) 8 (10) 22 (20) 116 (25) 565 (47) 0.17 (0.10) 0 0.67 {0.24) 0
D4

oP 171 (152) 101 (56) 151 {51} 508 (102} 0.22 (0.18) 0.40 (0.28)

CcP 414 (212) 0 11 (22) 31 (22) 9(17) 104 (28) 940 (115) 0.29 {0.13) 0 0.84 (0.12) 0
D6

op 319 (219} 163 (60) 83 (48) 949 (145) 0.22 {0.14) 0.44 (0.20)

CP 0.56 {0.31) 0.01 (0.06) 0.08 (0.08) 0 0 0.24 (0.08) 1.62 (0.18) 0.24 {0.12) 0.02 (0.11) 098 (0.14) 0.13(0.65)
P6 '

OP 0.70 (0.44) 0 0.41 (0.15) 1.30 (0.30) 0.35(0.19) 1.00 (0.00)
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Correlations between CP and OP breeding value estimates

Despite statistically significant additive genetic variance estimated in both CP
and OP cross types in E. globulus, genetic correlation between OP and CP
(rgopep)) breeding values for growth are low and decrease with time (0.30 to —
0.10), although no estimate is significantly different from zero (Table 4.7). In

contrast, there is a very high correlation for P6 (rgep.c = 0.95£0.02).

In E. nitens, the correlation between OP and CP breeding values for growth
are high and significantly different from zero, but declined with age (0.83 to
0.50). There is a high correlation for P6 (rgep.p = 0.82+0.09)

Table 4.7  Genetic correlations of OF with CP breeding values (rs(p. o)) * standard error (se)
for pooled analysis across sites of E. globulus and E. nitens.

Trait E. globulus E, nitens
Tgtop e (S€) Tgiopcpd  (S€)
D2 030 (0.32) 0.83 (0.15)
D3 0.30 (0.21) -0.83 (0.11)
D4 0.11  {(0.25) 072 (0.23)
Dé -0.10  (0.23) 050 (0.11)
Pé 095 (0.02) 082 (0.09)
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Correlations between traits

Table 4.8 Genetic correlation (+ standard error) of traits at various ages for CP and OP E.
globulus (above diagonal) and E. nitens (below diagonal) derived from across site

analysis.
Trait T D2 D3 D4 D6 P6

type

D2 CP 090(0.02) 0.84(0.03) 0.80(0.04) 0.34 (0.09)
oP - 095(0.03) 0.86(0.07) 0.86 (0.07) 0

D3 CP  095(0.04) 097 (0.01) 090 (0.02)  0.36(0.09)
OP 097 (0.03) 099 (0.01) 091 (0.04) 0

D4 CP  089(0.06) 0.98(0.02) 096 (0.01)  0.40 (0.09)
OP  1.00(0) 1.00 (0.01) 0.97 (0.02) 0

Dé CP 074(0.12) 0.87(0.06) 0.93(0.03) 0.40 (0.09)
OP  092(0.10) 091(0.07) 099 (0.02) 0

P6 CP  059(0.18) 050(0.19) 0.72(0.14) 0.77 (0.12)

OP  068(0.30) 056(0.33) 0.45(037) 0.87(0.15)

The genetic correlation between CP growth traits at different ages is high for
E. globulus and E. nitens (Table 4.8) with correlations highest for traits which
are closest in age. OP estimates of genetic correlations were similar in
magnitude to CP estimates for both species. In all cases the OP estimate was
higher although rarely significantly different from the CP estimate (Table 4.8).
The CP genetic correlation between P6 and D6 is lower in E. globulus (rgrens =
0.40+0.09) than E. niténs (rgrspe) = 0.7740.12) (Table 4.8) with both estimates
being significantly different from zero, indicating that faster growing
genotypes have generally higher Pilodyn penetration (ie. lower. wood
density). The genetic correlations between P6 and all growth traits in OP E.
globulus were never significantly different from zero, whereas CP estimates
ranged from 0.34 to 0.40 (Table 4.8) and were all significantly different from
zero. In contrast, estimates of correlations between P6 and growth traits in E.
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nitens were similar in magnitude for both OP and CP. However, OP estimates

generally had higher standard errors (Table 4.8).

Discussion

This is the first crossing program in Eucalyptus species, where direct
comparison of OP and CP genetic parameters using the same parents has been
made. It is clear from within site analysis of D6 and pooled analysis across
sites for all traits that ppe estimates in E. globulus are considerably inflated
compared to s, estimates. The causes of this bias may be due to unexplained
non-additive effects, varying levels of inbreeding within open-pollinated
populations and uneven contribution of male parents to the progeny. It
should be noted that we have already assumed 30% selfing in the ajp
calculation to account for differential expression of additive genetic effects
(after Squillace 1974) as have a number of other authors (Griffin and Cotterill
1988; Volker et al. 1990; Potts and Jordan 1994a; Lopez et al. 2001a). However,
this adjustment does not account for differential levels of outcrossing or
differential expression of inbreeding depression amongst females which may
be a major factor causing the inflated variation between OP progenies

(Hardner et al. 1998).

The results show that E. globulus OP material from native stands (GOP) is
subject to inbreeding depression of approximately 10% for Dé while the seed
orchard open-pollinated material (GSOP) has a lower level at about 2%. These
levels of ID for growth are comparable with those obtained in native stand OP
E. regnans (ID = 6% for diameter at 45 months - Griffin and Cotterill 1988) and
E. globulus (ID = 13% for diameter at 43 months - Hardner and Potts 1995a).
Hardner and Potts (1995a) calculated the average outcrossing rate in E.

globulus OP was 78% using diameter at 43 months, however most trees used
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were ornamental trees growing in a linear planting. They suggest that the
frequency of selfing in their study may be higher than found in OP families
collected from native forests, but the increase in inbreeding depression
appears to be only marginal (13% compared with the present average of 10%).
The lower level of ID found in GSOP suggests that the proximity of unrelated
trees in the seed orchard is coﬁtributing to high levels of outcrossing. In
addition, the fact that it proved difficult to produce viable selfed seed through
assisted insect pollination or control-pollination suggests that the seed orchard
trees used in this experiment may be practically self-incompatible (see

Chapter 2).

The single-site 4, results for diameter growth in E. globulus reported here (D6
average of 0.23 across 5 sites, ranging from 0.11 to 0.32) are comparable with
other reports, which range from 0.11 to 0.28 and average 0.20 (Lopez et al.
2001a). There appears to be only one other published genetic analysis of
growth using control-pollinated progeny in E. globulus (Araujo et al. 1996).
This involved two trials in the south and northwest of Portugal, with full-sib
progeny from incomplete crossing among 11 parents. Height #* estimates of
0.13 (northwest) and 0.52 (south) were reduced to 0.19 and 0.28 respectively,
when parental clonal information was included, however no dominance
effects were estimated. In the present trials the CP estimates of h* were
considerably lower than the corresponding OP estimate from the same site.
On average the CP estimates (average 0.12 across 5 sites ranging from 0.07 to

0.18) were nearly half the magnitude of the OP estimates.

The bias of OP genetic parameter estimates in E. globulus has serious
implications for breeding programs around the world, which have generally
been based on genetic parameter estimation based on the use of OP progeny
(Volker and Raymond 1989; Volker et al. 1990; Woolaston et al. 1991a; Borralho
et al. 1992¢; Lopez et al. 2001a; Muneri and Raymond 2001). Even for P§,
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which has a high level of additive genetic control with very little dominance,

the h3, estimates were considerably inflated in E. globulus. The results

presented here demonstrate that estimates of genetic parameters derived from
OP seed collected in natural stands of this species cannot be relied upon to
produce accurate genetic parameters and are therefore inappropriate for

advanced breeding.

Inflated estimates of heritabilities derived from OP mean that genetic gains for
growth as a result of bréeding operations will be over-estimated. Genetic
gains for growth using OP material have previously been estimated by Volker
et al. (1990) and Woolaston et al. (1991a). Parental selection based on OP
progeny performance clearly is not reflecting the true breeding value of the
female parent and most likely reflects variation in the pollen environment
(Borralho and Potts 1996), self-incompatibility or level of genetic load
(Hardner and Potts 1997) of the parent. The OP performance for diameter at
all ageé in E. globulus is clearly a different trait than for CP, as indicated by
their low genetic correlation. The low genetic correlation obtained between
OP and CP, contrasts with the significant correlation obtained between close
and wide outcrosses for the same E. globulus parents (range 0.60 to 0.97)

(Chapter 5: Table 5.8).

The discrepancies in OP estimates are most likely due to variation in
inbreeding depression ambngst families (Griffin and Cotterill 1988; Hardner
and Potts 1995a; Hardner et al. 1998). Variation in outcrossing rate is believed
to affect not only the expression of additive genetic effects but also the level of
inbreeding depression. Hardner et al. (1996) have shown considerable
variation in outcrossing rates amongst native stand females of E. globulus; with
low outcrossing rates tending to be associated with poor performance of the
OP progeny. A similar trend was also observed in E. grandis (Burgess et al.

1996). These results suggest that the precision of predicted breeding values
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using OP progenies may be improved by adjusting family performance by
individual outcrossing rate. The present result shows that reliable genetic
parameters for growth can only be obtained through full outcrossing of
unrelated individuals. This can be achieved through control pollination,
which has become practically feasible on a relatively large scale using single
visit pollinatioﬁ procedures (Harbard ef al. 1999; Williams et al. 1999).
Alternatively, better correlations may be possible in multi-provenance or
family seed orchards where the pollination envirbnment is more uniform and

there is a substantial overlap in flowering time between unrelated individuals.

In Eucalyptus, Pilodyn penetration has consistently shown high genetic or
phenotypic correlation with wood density (Dean ef al. 1990; Greaves ef al.
1996; Greaves et al. 1997b; Raymond and MacDonald 1998; Muneri and
Raymond 2001; Raymond and Muneri 2001), but its heritability seems to vary
with the species and site conditions (MacDonald et al. 1997; Muneri and
Raymond 2001; Raymond and Muneri 2001). The only other estimates of
heritability for Pilodyn in E. nitens was h%r = 0.50 across two open pollinated
trials, by Greaves et al. (1996) and hcr = 0.42 for 9 year old control-pollinated
material studied by Hardner and Tibbits (1998). The Pilodyn heritabilities
presented here for E. nitens (h’or = 0.35) are in line with estimates reported by
Tibbits and Hodge (1998) for a direct measure of basic density using cores in
open-pollinated progeny trials at age 6 years across six sites. In this case the
average h%or was 0.43. The present result is consistent with another finding of
no dominance variance for Pilodyn (Hardner and Tibbits 1998). Pilodyn
heritability estimates in E. globulus OP material have been reported and range
between 0.13 and 0.57 (Dean et al. 1990; MacDonald et al. 1997; Muneri and
Raymond 2001; Raymond and Muneri 2001). The overall average for E.
globulus in this study was at the high end of this range (h%r = 0.61) and clearly

higher than growth estimates, which is consistent with wood density being of
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higher heritability than growth (MacDonald ef al. 1997; Muneri and Raymond
2001).

In contrast to the results obtained ‘for growth, the OP and CP breeding values
for P6 in E. globulus, which have a high heritability, appear to be highly
correlated, although the OP heritability is significantly oveér-estimated in
comparison to CP. Significant correlations in E. globulus between OP and CP
performance have also been reported from this trial for Mycosphaerella leaf
disease (Dungey et al. 1997) and timing of vegetative phase change (Jordan et
al. 1999). In each case, there is a high genetic correlation between OP and CP
performance indicating that the same genes are influencing performance. Such
traits are unlikely to be influenced by inbreeding depression and for such
traits, and other traits of high heritability, selection based on OP is likely to be

reasonably accurate and a practical means of breeding.

The discrepancy in growth-Pilodyn genetic correlations between OP and CP
E. globulus is noteworthy and potentially has important implications for tree
breeding strategies. It has been assumed that the key selection traits, growth
and wood density (measured indirectly by the Pilodyn), are not genetically
correlated and can be improved independently (Lopez et al. 2001b). However,
estimates of these parameters based on OP material suggest a slight positive
correlation between growth and Pilodyn ranging from -0.04 to 0.85
(MacDonald et al. 1997; 2001a; Lopez et al. 2001b; Muneri and Raymond 2001),
however the majority of these reported estimates are not significantly different
from zero. A positive correlation is adverse for the breeding objecﬁve which
seeks to increase growth and basic density simultaneously (Greaves et al.
1997a). The present results (rsoere) = 0 and 0.40 for OP and CP respectively:
Table 4.8) suggest the true strength of the adverse genetic correlation between
these traits may have been underestimated in OP, if it is accepted that the CP

estimate is more reliable.
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Published reports of quantitative genetic parameters in E. nitens show pj, for
diameter between 0.18 and 0.39 (Whiteman ef al. 1992; Kube ef al. 1996; Kube
and Raymond 2002), and 0.47 and 0.42 for summer and winter Pilodyn

penetration respectively (Kube and Raymond 2002) across a range of trials in
southeastern Australia and New Zealand. Two New Zealand
provenance/progeny trials using OP progeny from native forests (with
coefficient of relationship set at 0.5) and plantations or seed orchards
(coefficient of relationship set at 0.25), assessed at age 5 and 6 years, gave a
hip of 0.11 for diameter and 0.41 for Pilodyn penetration with a genetic
correlation of -0.14 between the traits (Gea et al. 1997). Kube and Raymond
(2002) found genetic correlations of diameter, with summer and winter
Pilodyn traits of 0.52 and 0.63 respectively, which are similar in magnitude to
the genetic correlation of diameter at various ages with Pilodyn in this study
(0.45 to 0.87). In the present study E. nitens 3, for D6, in across-site analysis,
was 0.22 and Pé was 0.35 (Table 4.6), which is comparable with the above
studies. The present study shows that E. nitens h* estimates are similar in OP
and CP for within site analysis of D6 at WR and in the across site analysis of

all traits. There is also a high correlation of breeding values across sites.

It is clear from the above that the results for E. nitens contrast with those
obtained for E. globulus. This may be due to differences in the genetic
architecture of the two species (e.g. this population of E. nitens is not subject to
as severe inbreeding depression) or may be due to specific attributes of the
genetic material studied, including differences in pollination environment. E.
nitens has been reported as exhibiting comparable inbreeding depression for
growth as E. globulus and other eucalypt species (Hardner and Tibbits 1998).
The E. nitens OP material in the present study was obtained from trees located
in seed orchards and plantations. It is therefore most likely that the E. nitens

OP material used in this study resulted from a higher level of outcrossing than
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would be expected from native stand material. In addition, the difficulty in
producing viable selfed seed in these specific E. nitens parents suggests they
are practically self-incompatible. Despite little or no evidence of inbreeding
depression in the least squares means obtained for any trait with E. nitens
there was still some disparity between OP and CP genetic parameter
estimates, however the sample size is quite small being progeny from only 10

parents, so results should be treated with some caution.

Dominance effects (d%?) were generally quite small in both species, but in E. .
globulus, at least, were comparable to additive genetic effects expressed as
narrow-sense heritability (h?) in single site analyses of growth. Additive and
dominance effects on growth were also generally comparable in E. regnans
(Griffin and Cotterill 1988) and E. nitens (Hardner and Tibbits 1998) when CP
progeny were grown at a single site. However, in the case of E. globulus, the
expression of these dominance effects was site specific and across site
estimates were not significantly different from zero and markedly less than
additive genetic effects. The level of dominance variation for Pilodyn was
generally much smaller than additive genetic variation in the present study
for both species. Hardner and Tibbits (1998) also reported dominance effects

on wood density of E. nitens were low compared with additive genetic effects.

The low across site levels of dominance for growth are somewhat at odds with
the observed levels of inbreeding depression evident in OP progeny when
compared with CP progeny. A change in population mean following
inbreeding depression should depend to a fairly large extent on the level of
dominance variance (Mayo 1987; Falconer and MacKay 1996). However,
inbreeding depression may also be due to the exposure of deleterious
mutations which are carried as the heterozygote where the effect is masked,
such as reported in E. gunnii (Potts 1990). If these mutations are rare in the

population, then crossing among unrelated individuals (particularly those
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from different populations) may not unite deleterious recessive alleles and
hence such dominance will not be apparent under outcrossing (Hardner and

Tibbits 1998).

Genotype by environment interactions (gxe) appear to be under-estimated in
OP compared with CP for growth traits in E. globulus (Table 4.5), whereas in E.
nitens -gxe appears to be over-estimated in OP (Table 4.6). In the case of E.
globulus this may well be due to a family stability induced by differences in
inbreeding, for which the deleterious effects are consistent across sites. The
gxe exhibited by both species for P6é is comparable between OP and CP and
quite low. This indicates that gxe estimates derived from OP growth should
be treated with some caution. In E. nitens, Kube et al. (1996) found high
genetic correlation in performance of OP families across a range of sites in
Australia and New Zealand, suggesting that diameter growth could be
considered as a single trait and that the species has negligible gxe across -
regions. A similar finding was made across three 12-year-old E. nitens OP
progeny tests for diameter and Pilodyn traits in Tasmania (Kube ef al. 2000).
Breeders faced with the choice of a single breeding population or multiple
breeding populations for a range of sites require reliable and unbiased
estimates of gxe. The consequences of making the wrong decision can have
serious implications in terms of genetic gain, time‘ and cost of the breeding

program.

Conclusion

The present study suggests that estimates of the amount of additive genetic
variation for growth traits in native stand OP E. globulus populations available
for selection may have been over-estimated. Furthermore, genetic variation

amongst native stand OP families appears to be poorly correlated with
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variation in breeding values amongst the female parents. Similar results have
been reported in E. regnans (Griffin and Cotterill 1988) and E. nitens (Hardner
and Tibbits 1998). Genetic evaluation for growth based on native stand OP
progenies therefore appears to be unreliable. In contrast, OP progenies appear
to provide a good prediction of parental breeding values for traits such as
Pilodyn (an indirect measure of wood density). Whether such inconsistencies
arise in seed orchard OP progenies is unclear at present. The results reported
here suggest that in such circumstances, inbreeding may be less and at least in
the case of E. nitens, the OP progeny derived from seed orchards containing
unrelated ortets and plantations derived from multiple unrelated parents may
better reflect the variation in parental breeding values. In addition, the genetic
correlation between growth and Pilodyn in OP is completely different from
the result obtained with CP material in E. globulus, while in E. nitens the
correlations are comparable between cross types. In the case of E. globulus,
there is a strong argument for the rapid adoption of genetic evaluation
through control-pollination programs. These results support the argument
that selection from OP base populations may lead to sub-optimal gains as
poor growth performance under OP may mask a high breeding value of a
parent or individual (Potts et al. 1995b). Finally, the unreliability of additive
genetic. parameters derived from native stand OP E. globulus for growth also
appears to distort the genetic correlation between growth and Pilodyn. These
two traits are very important in breeding objectives for kraft pulp production

(Greaves et al. 1997a).

Despite relatively low levels of dominance variance within both species it has
been shown that inbreeding effects may still bias OP genetic parameter
estimates, particularly in E. globulus. The dominance effects in E. globulus are

comparable to the additive genetic effects and are highly site specific. The
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latter finding adds a further complication to the exploitation of SCA effects

and choice of parents for use on particular sites.

The accuracy of selection and prediction of genetic gains in a species is
determined by the confidence that can be placed in genetic parameter
estimates and the estimation of breeding values. This study, combined with
other work on the species, has shown that OP progenies from native stands in
E. globulus do not provide accurate genetic parameter or breeding value
estimates for growth. Further weight is added to the argument that results are
confounded by differential levels of inbreeding at the tree and population
levels from material which has been sourced from native stands. The
available evidence suggests that this problem may not be as severe in the E.
nitens population tested, which was derived from seed orchards and
plantations of known genetic origin, however larger crossing programs are

required in this spécies to test this hypothesis.
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Chapter 5: A comparison of genetic
parameters of intra- and inter-
specific hybrids of Eucalyptus
globulus and E. nitens

Introduction

Eucalypts are the most widely planted hardwood genus in the world
(Eldridge ef al. 1993). Their rapid expansion into new environments,
combined with their ability for inter-specific hybridisation (Griffin et al. 1988;
Potts and Wiltshire 1997), has led to -the development of many commercial
hybrids (Martin 1989; Sedgley and Griffin 1989; Potts and Dungey 2001). In
particular, hybrids of the sub-tropical eucalypts including various
combinations of E. grandis, E. urophylla, E. tereticornis and E. camaldulensis have
been used in forestry for many years in India, Brazil, Congo, Morocco and
South Africa through use of seed or cuttings (Martin 1989; Eldridge et al. 1993).
Many early -selections were often from sporadic hybrids, occurring in seed
collections derived from native stands or exotic species trials (see Eldridge et
al. 1993). There is now increasing interest in specifically breeding hybrids
(Martin 1989; Vigneron 1991; Nikles 1992; Nikles and Griffin 1992; Vigneron
1995; Shelbourne 2000; Vigneron and Bouvet 2000), particularly Fi's, although

the rationale and the genetics of hybrid populations are poorly understood.

Hybrid superiority is usually attributed to heterosis or complementarity of
traits (Nicholas 1987; Falconer and MacKay 1996). Heterosis occurs as a result
of non-additive (mostly dominance) gene actions affecting the trait of interest.

Complementarity, on the other hand, is obtained through additive effects and
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results from synergy amongst independent traits in specific environments (i.e.
non-linear effects such as genotype by environment interaction) where both
parent species are less well adapted than their hybrid (Nicholas 1987; Martin
1989; Sedgley and Griffin 1989; Nikles and Griffin 1992). The importance of
heterosis is a key issue in the exploitation of hybrids in forestry (Nikles and
Griffin 1992). If hybrid superiority is shown to be the result of true genetic
heterosis, dependent upon dominance or over-dominance effects (Ledig 1986;
Klekowski 1988), this would open the possibility of its exploitation by crossing
highly differentiated populations (Nicholas 1987; Nikles 1992). Unfortunately,
this approach may be countered by the potential for outbreeding depression
arising from incompatibilities between markedly divergent genomes
(Templeton et al. 1986; Orr 1995), the potential increasing with increasing
taxonomic distance between parents (Griffin et al. 1988; Ellis 1991; Baril et al.
1997a; 1997b; Potts and Dungey 2001). Not surprisingly, there have been
conflicting results when relating genetic distances with the presence of
heterosis. However, in forest trees it has been argued that hybrid superiority
is unlikely to result from heterosis, but is more likely to be the result of
beneficial combination of independent complementary traits (Ledig 1986;

Martin 1989; Nikles 1992; Nikles and Griffin 1992; Vigneron and Bouvet 2000).

There are many reports of superiority of inter-specific F1 hybrids of Eucalyptus
mostly from India (Venkatesh and VSharma 1976; 1977b; Venkatesh and
Sharma 1977a; Venkatesh and Sharma 1979; Venkatesh and Thapliyal 1993;
Paramathma et al. 1997), Brazil (Campinhos and Ikemori 1977; 1989;
Kageyama and Kikuti 1989; Blake and Bevilacqua 1995; Wright 1997), Congo
(Wright 1997; Vigneron and Bouvet 2000) and South Africa (Darrow 1995;
Wright 1997). However, intra-specific controls are often absent, or of poor
accuracy (i.e. open-pollinated or unrelated to the E’s). This lack of adequate

controls makes it difficult to assess whether differences between hybrid and
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pure species is simply a result of removing inbreeding effects. The question
remains whether comparable genetic gains could have been achieved simply
through removing inbreeding effects through wide intra-specific outcrossing

and selection within species (Eldridge et al. 1993).

Forestry programs using eucalypt hybrids generally rely on phenotypic
selection of individuals for propagation. This is followed by a period of
performance evaluation of propagules before a particular clone is produced
on a commercial scale. Knowledge of genetic parameters of hybrid
populations has the potential to reduce the time taken for these steps and to
return more information to the tree breeder to improve accuracy of selection

for propagation and breeding.

There are reports of genetic parameters for inter-specific hybrid populations
estimated for breeding and deployment purposes {(Bouvet and Bailleres 1995;
Bouvet and Vigneron 1995; 1996a; Bouvet and Vigneron 1996¢; 1996b; Dungey
et al. 2000a; Dungey and Nikles 2000; Gwaze ef al. 2000). However, the general
lack of pure species controls means that there is little information on whether
hybrid populations behave similarly to pure species populations and conform
to current quantitative genetic models. Such fundamental information is
necessary if Fi hybrid production is to proceed beyond haphazard crossing so
that rigorous strategies can be developed for breeding improved hybrids. A
key issue is whether reciprocal or simple recurrent selection schemes are most
appropriate for breeding superior Fi hybrids (Nikles 1992; Nikles and Griffin
1992; Baradat et al. 1994; Bouvet and Vigneron 1996b; Dungey et al. 2000c; Kerr
et al. 2000; Shelbourne 2000). Reciprocal recurrent selection (RRS) involves
crossing amongst pure species parents following their backward selection
after testing in hybrid combination. Alternatively, simpler schemes of
recurrent selection (RS) based on performance within pure species breeding

populations and crossing amongst elite selections are attractive as they offer
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considerable time and cost saving and flow directly from pure species

improvement programs (Dungey et al. 2000c; Kerr et al. 2000).

Differentiation of these breeding strategies depends on whether the best pure
species selections also produce the best hybrid comBinations or whether F:
hybrid performance is unrelated to the General Combining Ability (GCA) of
the parent in pure species combination. Nikles and Newton (1991) raise the
concept of General Hybridising Ability (GHA) as a measure of the ‘additive’
perforlmance of a trait in hybrid combination. Which strategy is most suitable
will, to a large extent, depend on the correlation between GCA and GHA
estimates (tropical pine hybrids -Nikles and Newton 1991; Powell and Nikles
1996) and, more precisely, the genetic correlation between pure species and
hybrid performance (Dieters and Dungey 2000; Newman and Reverter 2000)
and their relative variability in the pure species and hybrid populations
respectively. Similarly, predictability of which parental combination will
produce the best Fi hybrids for deployment, whether by seed (full-sib
families) or clonal propagation, will dependent upon the magnitude of
specific combining effects in hybrid crosses, termed Specific Hybridising

Ability (SHA;) (Nikles and Newton 1991).

Eucalyptus globulus is a forest tree native to south-eastern Australia (Jordan et
al. 1993; Dutkowski and Potts 1999). It is the premier eucalypt for the Kraft
pulping process, because of its high pulp yield and wood density, which are
both strongly, correlated to wood costs in the chemical pulping processes
(Greaves and Borralho 1996; Greaves ef al. 1997a). It is widely planted in
temperate regions of the world (e.g. Australia, California, Chile, China, Italy,
Portugal and Spain) for pulpwood production (Borralho 1992; Eldridge ef al.
1993; Tibbits et al. 1997a), but plantations are confined to relativelyI frost free
areas (Tibbits et al. 1991a; 1997a). The more frost tolerant species, E. nitens, is

often used as a replacement for E. globulus in plantations on colder sites
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(Tibbits et al. 1989; 1991a; 1997a; Tibbits and Hodge 2001). It has a wide but
discontinuous geographic distribution in eastern Australia (Pederick 1979;
Tibbits and Reid 1987a). Material sourced from central Victorian provenances
(Dutkowski ¢t al. 2001) is of interest for crossing with E. globulus to produce
frost resistant, fast growing hybrid trees with superior pulp properties
suitable for planting in cool temperate environments such as those found in
Tasmania, and Chile émd higher altitude areas in warmer climates. E. nitens
shows a featured grain in timber or veneer because of distinct differences
between early- and late wood (Nicholls and Pederick 1979), whereas E.
globulus tends to have a more uniform colour and texture (Hillis and Brown
1984). The pulping features of E. nitens for the Kraft process are promising
(Dean 1995), but for different paper sectors than E. globulus (Cotterill and
Brolin 1997). Nevertheless, the species is yet to be widely accepted as top

pulpwood commodity (Rojas Vergara et al. 2001).

While there is certainly the opportunity to improve density, growth and frost
resistance by exploiting the genetic variation within both E. globulus
(Dutkowski and Potts 1999) and E. nitens (Tibbits and Hodge 1998), there is
considerable interest in developing hybrids between these two species (Espejo
et al. 1995; Volker 1995; Tibbits et al. 1997a; Rojas Vergara ef al. 2001). Indeed,
when a breeding or deployment objective of improved growth and increased
density is considered, coupled with the opportunity to increase frost
resistance (but see Chapter 3), the hybrid of E. nitens and E. globulus has been
proposed as an ideal combination. For pulp and paper production a higher
density in combination with higher growth is generally desirable (Greaves

and Borralho 1996).

E. nitens and E. globulus are difficult to clonally propagate economically,
although some success has been achieved with the latter species (Wilson 1993;

England and Borralho 1995; Wilson 1996; 1998; 1999). The F1 hybrid can only
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be produced using the smaller flowered E. nitens as the female (Gore et al.
1990) and vegetative propagation also appears to be difficult (Rasmussen et al.
1995). E. globulus and E. nitens are relatively closely related {Subgenus
Symphyomyrtus, Section Maidenaria, Series Viminales; (Pryor and Johnson 1971)
or Series Globulares (Brooker 2000)), yet the F1 seed produce high levels of
abnormal, dwarf-like seedlings (Potts et al. 1992; Espejo et al. 1995; Potts et al.
2000). Despite these problems the many possible complementary features of
E. nitens and E. globulus have maintained world-wide interest in development

of their F1 hybrid to extend the range of “globulus-like” plantations.

This chapter compares the performance and genetic parameters of inter-
specific F1 hybrids between Eucalyptus nitens and E. globulus ssp. globulus and
intra-specific crosses grown on the same site. The crossing design is unique in
studies of eucalypt hybrids to date, due to (i) the relatively large number of
parents involved, (ii) the maintenance of common parentage in pure species
and hybrid crosses and (iii) the generétion of both inter-provenance and inter-
spécific hybrids. This design allowed the comparison of inter-specific Fi
hybrid performance without appreciable inbreeding in the pure species
controls, estimates of additive and non-additive genetic variance for intra-
provenance, inter-provenance and inter-specific crosses and a direct
comparison of parental performance in hybrid and pure species combination.
The present study extends the studies of the genetics of frost (Chapter 3) and
disease resistance (Dungey ef al. 1997) in an inter-specific Fi hybrid population
of E. nitens x globulus. This study reports on the genetics of key breeding
traits, growth at ages 2, 3, 4, 6 and 10 years and wood density, at 6 years of age

at a single site.
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Materials and Methods

Mating designs

A controlled crossing program was undertaken by CSIRO Division of Forestry
and North Forest Products in 1987 to 1989 to generate intra- and inter-specific
crosses of E. globulus and E. nitens with common parentage (see Chapter 2). A
virtually complete factorial crossing design was used for E. globulus (Table
5.1). Twenty-six unselected male parents from native stands at Taranna (16
parents) and King Island (10 parents) were mated with seven selected female
parents derived from the same provenances (4 from Taranna and 3 from King

Island).

The control-pollinated E. nitens x globulus Fi hybrids were derived from an
incomplete factorial mating design (Table 5.1) using 14 of the 26 E. globulus

male parents and 7 of 11 E. nitens parents.

The control-pollinated E. nitens plants were derived from an almost complete
half diallel mating (Table 5.1) of 10 first generation parents from provenance,

Toorongo.

Cross types are denoted in the text as intra-provenance crosses in E. globulus:
TT (Taranna x Taranna), KK (King Island x King Island); inter-provenance
crosses (or intra-specific hybrids) in E. globulus: TK (Taranna x King Island),
KT {King Island x Taranna); inter-specific F1 hybrids: NT (E. nitens x Taranna
E. globulus), NK (E. nitens x King Island E. globulus) and NN (intra-specific

crosses in E. nitens).
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Field Trial Location and Design

In July 1990, a trial was established by CSIRO Division of Forestry and North
Forest Products on an ex-pasture site at West Ridgley, Tasmania (latitude
41°09" longitude 145°46°; altitude 185m). Soil and climatic details are given in
Dungey et al. (1997). The trial was established using a resolvable incomplete
block design, otherwise known as an alpha design (Paterson and Williams
1976). There were 20 plots per incomplete block comprising 14 E. globulus, 3
hybrid and 3 E. nitens plots. Within each incomplete block, the E. glo.bulus, E.
nitens x globulus and E. nitens were planted in separate sub-blocks to minimise
competitive effects between cross types. There were 15 incomplete blocks per
replicate and 4 replicates in the trial. Trees from each family were planted in
five tree line-plots and spaced at 3 x 3m. The E. globulus and E. nitens material
included controlled pollinated (CP) and open-pollinated (OP) material as well
as E. globulus inter-provenance crosses with a female parent from south

Flinders Island (Table 2.1).
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Table 5.1

The number of individuals from each family planted at the West Ridgley Trial for E. globulus intra- and interprovenance crosses, E. nitens x globulus F,

hybrids and E. nifens . (T=Taranna, K=King [sland, TO=Toorongo)

Female parents

E. globulus male parents

TT T2 T3 T4 TS5 T6 T7 T8 T9 TI0 TI1 TI12 Ti3 Ti4 Ti5 Ti6 K17 K18 K19 K20 K21

K22 K23 K24 K25 K26

Eglobulus x.a 25 20 24 18 20 23 25 16 20 22 32 20 23 24 20 20 2 20 19 20 20 25 27 20 20
K-b 35 20 45 28 18 15 20 20 19 20 17 19 20 28 33 14 21 20 20 17 2B 13 20 20
Ke 20 13 20 12 13 20 12 24 1t 22 20 20 14 19 20 20 20 20 21 21 23 20
Te 18 19 10 20 20 13 20 0 20 15 20 20 18 16
Tf 23 20 20 20 20 20 20 20 23 20 20 20 22 20 14 20 31 19 15
Tg 18 20 20 15 20 20 20 20 20 20 25 19 20 20 20 20 25 20 20 23 20 20 29 28 E. nitens male parents
Th 29 20 17 20 20 20 220 20 14 22 20 20 20 28 20 TOk TOd TO-m TO-n TO-o¢ TOp TOq TOr
E nitens  TO.i 20 17 17 20 20
TO 24 34 15 17 20 17
TOk 7 17 19 6 7 9 12 8 n 14 20 18 18 17
TO-1 20 20 13 17 13 22 20 23 28 21 24 25
TO-m 16 21 17 15 20 8 12 17 11 20 20 20 20
TO-n 21 23 11 14 2 18 7 16 25 12 1
TO-0 20 5 15 18 ¢ 23 10 20 25 20 19 13
TOp 20 13 ' 20 20
TOs 20

spraghy otfiads-iapur puv -vagur o uostivduio? :g 4a3doyy
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Measurement

Trials were measured at 2, 3, 4, 6 and 10 years from planting in the winter of
each year. The diameter at breast height (1.3m above ground level) over bark
(DBHOB - mm) was measured as well as an indirect measure of density
obtained using a Pilodyn. The Pilodyn is an instrument which shoots a pin
into the tree, with increased penetration of the pin correlating with lower
wood density (Greaves ef al. 1996; Raymond et al. 1998). In 1996 at age 6 years,
the first three healthy trees in each plot were assessed for Pilodyn penetration.
The Pilodyn assessment followed the method described in Raymond and
MacDonald (1998), where two readings were taken from a single window
made by removing the bark and the readings averaged. Previous analyses
have shown a very high correlation between DBHOB and conic volume at
these ages (r? greater than 0.95; P. Volker unpubl. data) thus, for simplicity and
comparability with other studies (MacDonald et al. 1997) and breeding
programs (Jarvis et al. 1995), DBHOB is the trait used as an indication of
growth. These DBHOB traits at each year are described as D2, D3, D4, D6,
D10 and the Pilodyn trait is P6.

Analysis

Analysis of the data was carried out all surviving trees at each measurement,
even those trees which could be described as deformed, non-vigorous
individuals, dead trees were treated as missing values in the analysis. All OP

and CP material from Flinders Island was excluded from this analysis.

The data was analysed using univariate and multivariate individual tree
mixed models with ASREML (Gilmour et al. 1999). . ASREML fits the general

mixed model
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y=Xp+Zu+e , (Equation 5.1)

where y is a vector of observations, X is the design matrix for fixed effects 5 Z
. is the design matrix for random effects g ~ (0, ¢*G), and € (0, &’R) are
residuals. ASREML has the ability to utilise multi-trait information in a
genetic analysis with a relationship matrix (A) in the definition of G.
ASREML wuses the average information algorithm and sparse matrix
technology to calculate restricted maximum likelihood variance and
covariance components (Gilmour et al. 1999). A more complete description of
ASREML analysis procedure is given in Chapter 3. A matrix of relationships
(a pedigree) for each tree was used to identify the additive genetic effects
(Gilmour et af. 1999). The model used to estimate cross type effects and levels
(and significance) of mid-parent heterosis included replicate and cross type
(TT, KK, TK and KT, NT, NK and NN; see Table 5.2) as fixed effects. The inter-
provenance crosses TK and KT were treated as a single cross type. The
random effects were the additive genetic effects of individuals and their
parents (female and male), the female by male interaction effects within cross
types, the incomplete block within replicate and the plot effects. The
treatment of cross type effect as a fixed effect is equivalent to their treatment

as genetic groups as far as parameter estimation is concerned.

Pooled genetic parameters for E. globulus overall were estimated by fitting the
same model, but excluding crosses involving E. nitens. Parameters within
only the inter-specific F1 hybrid crosses were estimated with the same model
with two levels of cross type (NT and NK). The cross type effect was excluded
from the model for estimating genetic parameters separately for E. nitens and
the three E. globulus cross types (TT, KK pooled TK and KT). The female by

male interaction estimated either SCA in pure species crosses or SHA in Fi

hybrids. Narrow sense heritabilities (#2) were calculated as:
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2
z_ O add .
h*=-— > > 3 (Equation 5.2)
Oud t Osa + O piot + O res

where 62, 624, 62,,, and 62, _are the additive, SCA (or SHA in the case of

plot
the F1 hybrids), plot and residual variances respectively. An estimate of
relative significance of dominance (assumes no higher order genetic

interactions such as epistasis) was calculated as

2
4 O sca

d? =
2 2 2 2
Cud ¥ Csca ¥ Oy + O s

(Equation 5.3)

2
The denominator in equations 5.2 and 5.3 is the phenotypic variance (o p).

Coefficients of variation such as coefficient of additive variation (CVa) and
coefficient of phenotypic variation (CVr) were calculated using the

appropriate variance component and least square means as:

CV,= (\/a‘i/,ux)x 100 (Equation 5.4)

where CVi is coefficient of variation of parameter x expressed as a percentage,

o> is the variance component and g, is the least squares mean.

F1 hybrid heterosis was calculated as the difference between hybrid mean
performance and the mean of the parental lines, i.e. mid-parent heterosis
(Mayo 1987).

(Equation 5.5)

+
Haon=F —[(PITM)

where Hq.z is the estimate of heterosis for the hybrid between species or

provenances 1 and 2, Fi is the mean for the trait in the Fi hybrid (within
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species or between 'species), P and P: are the trait means for each trait in the
parental species or provenances. This value was also expressed as a
percentage of the mid-parent value. In this case heterosis was calculated for
intra-specific F1 hybrids in E. globulus (i.e. crosses between Taranna and King
Island provenance with KT and TK treated as one cross type), and for inter-
specific Fi hybrids (E. nitens x globulus) where the provenance of the E. globulus
parents was differentiated into Taranna (NT) and King Island (NK). The tests
of significance of the deviation of the Fi from the mid-parent value were
undertaken using a family model (replicate, incomplete block within replicate,
male, female, male by female interaction as random terms) with the contrast

option in PROC MIXED of SAS Version 8.

Genetic correlations between traits within cross types were estimated using
bivariate analyses with -ASREML. The genetic correlations and their standard
errors were estimated directly in the model using the CORR function in
ASREML. Tﬁis uses a Taylor series approximation to derive standard errors

(Gilmour et al. 1999).

Genetic correlations between the performance of parents in pure breed and
hybrid combination were determined using the program ASREML (Gilmour
et al. 1999) as follows. In the analyses a trait measured in a different cross type
was treated as different trait (i.e. D2 for TT was treated as a separate trait to
D2 for TK etc.). This approach was adopted for both intra- (TK and KT) and
inter-specific hybrids (NT and NK) and was done for all the growth (D2, D3,
D4, D6, D10) and Pilodyn (P6) measurements. The genetic correlation
between pure species and hybrid performance is a direct estimate of the
correlation of GCA and GHA described earlier. This genetic correlation is
estimated with pedigree linkages using either thé common male parents for

the inter-specific hybrid or common male and female parents for the intra-
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specific hybrids. The analyses were undertaken in two stages. First, within E.
globulus, using the inter-provenance hybrids (TK and KT treated as one cross
type) and intra-provenance crosses (IT and KK) as separate cross types and
therefore, separate traits in bi-variate individual tree mixed model analysis,
excluding plot and SCA effects. Second, within E. globulus cross-types were
treated as fixed effects to pool the E. globulus data into a single trait, with the
multi-variate individual tree model analysis including E. nitens and E. nitens x
globulus (NT and NK treated as separate cross-types) as separate traits and
excluding plot and SCA effects from the model. In this case, genetic
correlation refers to the correlation of genetic effects within cross types.
Parameter estimates that differed by more than 2 standard errors from zero

were treated as significant (Gilmour et al. 1999) as detailed previously.

Results

Performance and heterosis at the cross type level

The mean performance‘ of cross types for all traits is presented in Table 5.2,
Cross type survival is shown in Figure 5.1 and Table 5.3. Heterosis of the E.
globulus inter-provenance (intra-specific) and E. nifens x globulus inter-specific
F+ hybrids, expressed as deviation from the mid-parent value is shown in
Table 5.4. The individual frequency distribution of diameter for the three CP
cross types (GCP, Fi hybrid and NCP) for ages 2, 6 and 10 years is shown in
Figure 5.2.
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Figure 5.1 Survival of cross types in West Ridgley Trial expressed as percentage of number of
trees planted in 1990. Cross types are E. globulus intra-provenance (TT, KK}, E.
globulus inter-provenance (TK, KT) , E. nitens x globulus (NT, NK) and E. nitens
(NN).

The growth (Table 5.2) and survival (Fig. 5.1 and Table 5.3) of E. nitens was
better than E. globulus at this site, with its superiority increasing with age (Fig.
5.1, Table 5.2). Within E. globulus the King Island intra-provenance crosses
(KK) grew better (Table 5.1) and had better survival (Fig. 5.1) than Taranna
intra-provenance (TT) at all ages. Survival of the inter-provenance hybrids
(TK, KT) was effectively intermediate between the intra-provenance crosses
(KK and TT) (Fig. 5.1). Survival of the interspecific hybrids (NT, NK) was
markedly less than any of the E. globulus or E. nitens pure species crosses (TT,
KK, KT, TK and NN) by age 6 years (Fig. 5.1, Table 5.3). Cross types involving
Taranna parents (TT, NT, TK and KT) had lower survival (Table 5.3; Fig. 5.1)
and reduced vigour (Table 5.2) at all ages compared with KK and NN, and the
survival of TT crossés by age 10 was as low as the NK inter-specific hybrids

(Fig. 5.1).
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At the family level, survival was highly variable at age 6 years, particularly in
the F1 hybrids where families ranged from 0 to 100% (Table 5.3). This was
mainly due to specific males, which consistently produced inviable families in
hybrid combination. For example, the Taranna male T11 produced five
hybrid families, which had a maximum survival of 33% with two failing
completely. Similarly the five families produced by Taranna male T6 had a
maximum survival of 35%. In both these cases the overall survival for the
males was 10 and 24% respectively. This contrasts with the Taranna male T4
and King Island male K20, which had overall survival rates of 79 and 95%
respectively. In the latter case, four out of five families had 100% survival
with the remaining family at 75%. The E. nitens female parents appeared to be

more consistent in their production of viable hybrid progeny.
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Table 5.2

Cross type least squares means for DBHOB at age 2, 3, 4, 6 and 10 years
(D2, D3, D4, D6, D10) and Pilodyn penetration at age 6 years (P6) at the
West Ridgley site. Units are in millimetres for all traits, standard errors are
shown in brackets. Cross types are E. globulus intra- and inter-provenance
crosses, E. globulus CP crosses combined, E. nitens x globulus F1 hybrid (split
by provenance of E. globulus male parent and combined) and E. nitens.

Species Cross type

Trait

D2 D3 D4 D6 D10 Pé

TT
2.0 3.0 3.5 44 5.8 0.2
E globulusintta- (____) _______ () _______ () _____ ()()()
provenance
KK 73.7 mn77 140.6  181.2 2269 13.9
(1.8) (2.4) 31y (48) 71)  (0.2)
E. globulus inter- KT. TK 719 115.0 1366 1761 2212 13.4
provenance ! (1.7} (2.6} (3.0) (3.8) (4.9) {0.2)
E. globulus TT, KK, 70.9 114.0 1347 1714 211.2 13.3
(combined) KT, TK (1.7 (2.5) (31) @n (53)  (0.2)

NT
1.9 3.0 34 4.3 58 0.2
E nitens x globulus¥» (____) _______ (____) _______ (____) _____ f_) ______ f___)______(___?_
hybrid
NK 754 1184 1463 1934 239.8 13.9
(2.7 4.2) 47y  (5.8) (71)  (0.2)
E. nitens x globulus NT. NK 66.1 102.5 1249 1741 230.2 13.6
(combined) ’ (1.8) (2.9) (34)  (4.3) 67)  (0.2)
E. nitens NN 772 126.4 151.7 1901 225.3 13.7
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Figure 5.2 Frequency distribution of trees by diameter class at age 2 (D2), 6 (D6) and 10 (D10)
years.
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Table 5.3: Overall survival expressed as a percentage of the number of trees planted (n) for
each cross type at age 6 years as well as the range of survival for each family,
female and male within cross type.

Overall mean Survival range (%)
Species Cross Type n survival
P YP o Family  Female Male
(%)
E. globulus intra- TT 1076 74 21-100 57-89  60-85
provenance KK 566 94 70 -100 90 -96 88-908
E.globulusinter- (0 e 1o 88 57-100 70-100 71-98
provenance
NT 467 54 0-100 38-83 9-92
E. nitens x globulus
NK 176 66 18 -100 56-78 45-95
E. nitens NN 701 99 ©93-100  98-100 97-100

Table 5.4: Mid-parent heterosis for intra-specific hybrid (Hrx) and inter-specific hybrids (Hnt
and Hnk), expressed in mm and percent of mean diameter of the mid parent (%). (T
= Taranna E. globulus, K = King Island E. globulus, N = E. nitens). The significance of
deviation of hybrid mean from mid-parent value was tested with Proc MIXED in
SAS where ™ js not significant, * is P < 0.05, ** is P < 0.01 and ** < 0.001. Positive
heterosis for P6 is equivalent to negative heterosis for wood density.

Trait

Hybrid type
. D2 D3 D4 Dé D10 - Pé

Intra-specific
Hrx 0.9 0.8 1.7 48 113 0
(1%) %)y (%) (3%)*  (B%)y™ (0%)>
Inter-specific
Hnr . -104 -22.3 -24.0 -10.6 143 02
(-14%)"*  (-19%)™** (-17%)* (6% (7% (2%)

Hxk 0 -3.7 0.1 77 13.7 0.1
0%y (:3%)=  (1%)= (4% (6% (2%)™
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The inter-provenance crosses of E. globulus (TK, KT) exhibited mid-parent
heterosis for growth (2 to 3%), which increased with age to be significant
(P<0.05) by age 4 years (Table 5.4). However, the mean growth performance
of the inter-provenance cross never exceeded the mean of the better intra-
provenance cross, KK (Table 5.2). The poorer growth performance of the TT
intra-specific crosses compared with KK is also reflected in the growth
performance of the inter-specific hybrids with E. nitens at all ages. In the case
of the Taranna provenance, the inter-specific Fi hybrid (NT) showed
significant negative mid-parent heterosis for D2, D3, D4 and D6 (Table 5.4),
However, at age 10 years, after significant mortality among slower growing
individuals (Fig. 5.1 & Fig. 5.2), the mean growth of survivors in this cross
type was not significantly different from the better performing cross type NN
(Table 5.2). In contrast, heterosis for growth of the inter-specific hybrids of
King Island parentage (NK)} was not significantly different from the mid-
parent value and ranged from 0 to 6% across ages (Table 5.4). It should be
noted that the mean diameter of the surviving F1 hybrids (NT and NK) will be
bi.;;ised upward through reduced competition arising from the high mortality
in the hybrid sub-blocks (Table 5.4). This effect will be accentuated by the
increased mortality between age 6 and 10 years (Fig 5.2) which would result in
relatively higher mean growth performance of survivors (Table 5.2), especially
among poorer surviving cross types. This would be due to reduced

competition and increased mortality of slower growing trees.

There were large differences in P6 between the two E. globulus provenances,
with King Island provenance having greater Pilodyn penetration, hence lower
density, than the Taranna provenance (Table 5.2). The mean P6 in E. nitens
(NN) was comparable to the King Island provenance (KK) (Table 5.2). In the
inter-provenance (TK and KT) and inter-specific F1 hybrid crosses involving

Taranna E. globulus (NT) the mean Pilodyn penetration was intermediate

114



Chapter 5: Comparison of intra- and inter-specific hybrids

between the means of the parental populations (Table 5.2} and did not differ
significantly from the mid-parent value (Table 5.4). In the inter-specific Fs
hybrid crosses involving King Island E. globulus (NK) the mean was slightly
below the less dense King Island E. globulus (Table 5.2), but was not

significantly different from either parent or the mid-parent value (Table 5.4).

Distribution of hybrids

The phenotypic coefficients of variation (CVr) for growth traits were similar
for E. nitens and E. globulus across all ages, although E. nitens CVr tends to
increase with age while in E. globulus it remains relatively constant in all cross
types. (Table 5.5). The range of variation in the growth of the F: hybrids
covered the extremes in growth exhibited by the pure species (Fig. 5.2). The
phenotypic variation in growth (not shown) of the E. nitens x globulus F
hybrid population was markedly higher (at least 50%) than either pure species
at ages 2 to 6 years contributed by higher components for additive, SCA and
residual variances (Table 5.5). Due to mortality among slower growing
individuals the E. nitens x globulus F1 hybrid SCA variance reduced to zero and
residual variance was more similar to the pure species cross types by age 10
years (Table 5.5). This increased variation for D2 to D6 in the E. nitens x
globulus F1 hybrid was not a scale effect, as it was also reflected in a higher CVe
(Table 5.5), and was largely due to the higher level of poor performing,
“abnormal” phenotypes. These abnormalities are reflected in the marked tail
on the left-hand side of the frequency distribution for D2 in E. nitens x globulus
Fi hybrids (Fig. 5.2). It is interesting to note that despite high levels of
mortality among these individuals, the tail on the distribution still persists in

Dé6 (Fig. 5.2). At age 10 years, due to mortality among slower growing
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individuals, there were no “tails” on the frequency distribution curves (Fig.

5.2} which led to a marked reduction in CVr (Table 5.5).
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Table 5.5 Variance components (+ standard error) and coefficients of variation for traits D2, D3,
D4, D6, D10 and P6 in E. globulus, E. nitens and F1 hybrids. Where ¢®piat is plot variance,
0% is additive genetic variance, 0% is SCA variance, 0% is residual variance, CVa is
coefficient of additive variation and CVe is coefficient of phenotypic variation

E. nitens x

E. globulus globulus E. nitens
Trait  Component intra-provenance inter- Overall F1 hybrid
ptuvenance
TT KK TK, KT NT, NK NN
Cplot 1(5) 8 (7) 15 (5) 10 (3) 6 (20) 11 (8)
R 49 (24) 20 (13) 36 (14) 33(11) 326 (156) 33 (213
D2 Psan 14 (6) 2{4) 0 5(2) 48 (26) 4(5)
Oes 107 (14} 108 (10) 133 (10) : 121 (7) 154 (82) 95 (12)
CVa 10% 6% 8% 8% 27% 7%
CVe 19% 16% 19% 18% 34% 16%
Splot 7 (10) 6(11) 22(11) 17 (6) 15 (41) 16 (11)
ot 94 (48) 20 (17) 56(23) 55 (19) 872 {428) 125(68)
Psca 34 (12) 5(7) 0 13 (5) 173 (79) 10 (9)
D3 Oes 211(18) 204 (17) 320 (20) 262 (13) 418 (223) 164 (37)
CVa 9% 4% 7% 6% 29% 9%
Cve 17% 13% 17% 16% 37% 14%
Polot 6 (14) 3(16) 19 (16) 16 (9) 91 (74) 23(18)
o2 132 (60) 37 (29) 98 (38) 91 (29) 1249 (584) 237 {125)
D4 P 22 (12) 9(11) 0 6 (5) 130(%0) 19 (15)
Clees 315 (37) 323 (27) 478 (31) 393 (20) 611 (308) - 261 (67)
CVa 9% 4% 7% 7% 28% 10%
CVe 17% 14% 18% 17% 37% 15%
Pplot 19 (30) 0 27 (29) 16 (17) 0 43 (41)
o 210 (93) 85 (62) 187 (81) 164 (54) 1048 (672) 678 (333)
D6 Poca 15 {18) 16 (21) 12 (18) 18 (10) 325 (171) 31(28)
Clres 648 (64) 737 (59) 840 (60) 764 (38) 1129 (364) 552 (176)
CVa 9% 5% 8% 7% 19% 14%
CVr 19% 16% 19% 18% 29% 19%
Gplot 70 (53) 0 . 9{(57) 1(34) 192 (174) 185 (97)
ol 234(114) 136 (130) 261 {122) 178 (67) 983 (523) 1427 (696)
D10 Poca 0 88 (63) 16 (33) 37 21) 0 3 (45)
Olres 1009 (97) 1752 (136) 1673(112) 1543 (68) 1443 (337) 941 (363)
CVa % 5% 7% 6% 14% 17%
CVp 19% 20% 20% 20% 22% 22%
Pplat 0 0.02 (0.15) 0.09 (0.10) 0 0 0
o 0.60(0.27)  0.86 (0.51) 0.58 (0.24) 0.64 (0.20) 0.50 (0.31) 0.33 (0.25)
P6 O2ca 0.02 (0.05)  0.08 (0.10) 0.01 (0.05) 0.02 (0.03) 0.01 (0.09) 0.07 (0.09)
Ores 140(0.17)  1.65(0.32) 1.62 (0.17) 1.55 (0.02) 2.00 (0.24)' 1.89 (0.20)
CVa 6% 7% 6% 6% 5% 4%
Cvr 11% 12% 1% 11% 12% 11%
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A scatter plot of family least squares means for P6 and D6 is shown in Figure
5.3. There is considerable overlap of E. nifens, E. globulus and inter-specific Fx
hybrid family fneans for both D6 and P6. Some inter-specific F: hybrid
families appear to have growth that is similar to the best E. nitens families, but
do not have the high wood density exhibited by the better performing E.
globulus families. One NK family in particular appears to show outstanding
growth compared to all other families in the trial (Fig. 5.3), and very high
survival (100%). However it should be noted that the poorer survival among
the hybrid families has contributed to a less competitive environment in these
sections of the trial overall and may have led to increased diameter growth in
surviving individuals. There are 6 inter-specific F1 hybrid families (5 NT and 1
NK) which exhibit above average growth and below average Pilodyn
penetration, compared with many E. globulus intra- and inter-provenance
families and a few E. nitens families, which would be a favourable
combination for Kraft pulp production. On the other hand there are a number
of NT families which show very poor growth combined with high pilodyn
penetration. Most of these families had exhibited high mortality and did not

survive to age 10 years (data not presented).
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Figure 5.3 Bivariate distribution of family least squares means (adjusted for block effects)
for Pilodyn penetration (P6) and diameter as DBHOB (D6) at age 6 years in E.
globulus intra-provenance crosses in Taranna (TT) and King Island (KK) inter-
provenance (intra-specific) hybrids between Taranna and King Island
provenances in E. globulus (KT), inter-specific F1 E. nitens x globulus hybrids
involving E. globulus Taranna (NT} and King Island male parents (NK), and intra-
specific E. nitens crosses from an incomplete half-diallel crossing program (NN)
at West Ridley trial site. The overall mean for each trait is shown by the lines

perpendicular to each axis.

Genetic parameters

Virtually no significant quantitative genetic variation for growth was detected
in the King Island (KK) population, but significant levels of additive genetic
variation were detected in the Taranna (TT) population at most ages (Table
5.6). The heritability of growth traits in Taranna intra-provenance crosses (TT)
was moderate, at around #?=0.29+0.12 in D2 decreasing to #*=0.18+0.08 at age
10. In King Island intra-provenance crosses, the heritability was lower, with
h?=0.15£0.09 in D2 decreasing to #=0.07+0.06 at D10 (Table 5.6). The

proportion of additive genetic variance expressed in the inter-provenance Fi1 is

intermediate to that found in either parental population as indicated by the
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intermediate heritabilities at all ages (Table 5.6), consistent with intermediate
levels of additive genetic variation (CVa; Table 5.5). While standard errors
were high, the dominance variation in the Taranna intra-provenance crosses
(TT) at early ages declined to virtually zero by age 6 years (Table 5.6). By
contrast, dominance variation (d?) in the King Island intra-provenance crosses
(KK) and the inter-provenances crosses (KT, TK) tended to increase with age

but remained low and not statistically different from zero.

. Trends over time in heritability of growth differed considerably between the
two species and the F1 hybrid populations (Table 5.6). The trend for E. globulus
overall was for the heritability of diameter within cross types (within TT, KK,
TK and KT) to drop from a moderate value of h? = 0.19+0.06 for D2 to h’=
0.10+0.03 for D10, these were statistically significant at all ages. Diameter
heritabilities for E. nitens were initially similar to E. globulus, but markedly
increased with time from h?= 0.23+0.13 for D2 to h*= 0.56+0.20 for D10. The
diameter heritability for the inter-specific Fi1 hybrid was high at all ages and
slightly lower than E. nitens at ages 6 and 10 (Table 5.6), although differences
were not significant. This was a direct reflection of increased additive genetic
differences between the parents when in hybrid combination, where CVa was
higher in the inter-specific E. nitens x globulus Fi hybrids than the pure species
crosses for ages 2 to 6 years (Table 5.5). At age 10 years CVa in the E. nitens x
globulus F1 hybrids has shown a marked decrease relative to pure species cross
types (Table 5.5). In addition the hybrids show a high coefficient of
phenotypic variation (CVr) (Table 5.5) which reflects the wide spread of
individuals in the diameter distributions (Fig. 5.2), especially at early ages, in

comparison to either of the parental species.
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Table 5.6 Heritability (#?) and dominance ratio (4?) (and standard errors) in intra- and inter-
provenance crosses of E. globufus, combined analysis of all crosses in E. globulus,
inter-species hybrid E. nitens x globulus and within species crosses of E. nitens for
diameter at age 2 (D2), 3 (D3), 4 (D4), 6 (D6), 10 (D10) years and Pilodyn at 6 years

(P6).
Species Cross D2 D3 D4 D6 D10 P6
type

Eglobulus TT K 029(0.12) 027(0.12) 028(0.11) 0.24(0.09) 0.18(0.08) 0.30(0.12)
@  033(013) 0.39(0.14) 0.19(0.10) 0.07 (0.08) 0 0.03 (0.10)
KK h  015(0.09) 0.09(0.07) 0.10(0.07) 0.10(0.07) 0.07(0.06) 0.33(0.17) -
2 006(0.11) 0.08(0.11) 0.10(0.12) 0.08(0.10) 0.18(0.12) 0.12(0.16)
TK,KT B 020(007) 0.14(0.06) 0.16(0.06) 0.17(0.07) 0.13(0.06) 0.25 (0.09)
& 0 0 0 0.05 (0.06) 0.03(0.07) 0.02 (0.09)
Overall k2  0.19(0.06) 0.16(0.05) 0.18(0.05) 0.17 (0.05) 0.10(0.03) 0.29 (0.07)
&  012(0.05 0.14(0.05 0.05(0.04) 0.08(0.04) 0.08(0.05) 0.04 (0.05)
E. nitens x K 061(022) 059(0.23) 0.60(021) 042(023) 047 (0.17) 0.20(0.11)
globulus dr 0.36(024) 047(027) 025(0.19) 052 (0.28) 0 0.02 (0.14)
E. nitens K 023(0.13) 040(0.18) 0.44(0.18) 052 (0.19) 0.56(0.20) 0.14 (0.10)
#  012(012) 013(0.11) 0.14(0.11) 0.10 (0.09) 0 0.13(0.15)

Dominance effects (4% Table 5.6), estimated from SCA effects among full-sib
families (Table 5.5), were significant for E. globulus within Taranna crosses
(TT) and overall CP crosses for D2 and D3 but not for any other E. globulus, E.
nitens nor the Fi hybrid traits and cross types. This was partly a reflection of
the small number of parents involved in the E. globulus intra-specific; E. nitens
x globulus and E. nitens cross types. Dominance effect's accounted for between
0 and 39% of the total variance in growth in the pure species crosses, and
while relatively stable with age in E. globulus overall, tended to decrease with
age in E. nitens as the heritability increased (Table 5.6). In the inter-specifié Fi
hybrids dominance variance for growth was quite high for ages 2 to 6 years

but became zero at age 10 years (Table 5.6). This may be a reflection of
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mortality among slower growing individuals between ages 6 and 10 years,

especially in the NT population (Fig. 5.1).

The heritability of Pilodyn penetration (I’6) was higher for E. globulus overall
(h* = 0.2940.07) than for E. nitens (i = 0.14+0.10), with the hybrid intermediate
(h? = 0.200.11) (Table 5.6), although these latter two estimates were not
significantly different from zero. Pilodyn penetration exhibited little or no
dominance variation in E. globulus and the F1 hybrid population. The 4? value
was comparable to the h? estimate m E. nitens (Table 5.6), although neither was

significantly different from zero
Correlation between growth and Pilodyn

Genetic and phenotypic correlations between Dé and Pé for E. globulus overall,
E. nitens and the F1 hybrids at this site are shown in Table 5.7. The genetic
correlation (rg) ranged from -0.05 to 0.81, but only the phenotypic correlation
in E. globulus and the genetic correlation in E. nitens was significantly different
from zero. However, these correlations were significantly greater than zero
with the larger data set used in Chapter 4 for E. globulus and E. nitens, where
the genetic correlations were found to be ry = 0.40+0.09 and rg = 0.77+0.12
respectively (Table 4.4). The strong genetic correlation between growth (D6)
and Pilodyn penetration (P6) in E. nitens suggests that selection for faster
growth will lead to a reduction in wood density, which may not be a desirable
outcome. There appears to be no genetic correlation between P6 and D6 in the
inter-specific E. nitens x globulus Fi hybrid (Table 5.7), which suggests that
selection in one trait is unlikely to have any effect on the performance of the

other trait in the hybrid.
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Table 5.7 Genetic (r5) and phenotypic (rp) correlations between growth (D6) and Pilodyn {P6)
with standard errors, in brackets, for E. globulus (overall), E. nitens x globulus and E.

nitens.
Species rg Tp
E. globulus 0.19 (0.23) 0.19 (0.03)
E. nitens x globulus -0.05 (0.45) -0.01 {0.09)
E. nitens 0.81 (0.26) 0.13 (0.07)

Correlation between intra- and inter-specific performance

The estimates of genetic correlation between the inter-specific hybrids and the
pure species (i.e. GCA vs. GHA) for growth at all ages and Pilodyn were not
significantly different from zero in all cases except for trait D10 in E. globulus
and E. nitens where the correlations were -1.12+0.16 and 0.65+ 0.28 respectively
(Table 5.8). Nevertheless, there was a trend for the genetic correlation
between the E. nitens and the E. nifens x globulus Fi1 hybrid growth
performance to increase with time, from 0.35 for D2 to 0.67 for D6. In contrast
the correlation between the E. globulus and inter-specific E. nitens x globulus Fi
hybrid growth performance was much lower for these traits at 0.26 for D2
decreasing to 0.16 for D6 (Table 5.8). The poor correlation with E. globulus
occurred despite significant levels of additive genetic variation in the pure E.
globulus overall at all ages. However, the heritabilities for growth in E.
globulus were lower than those recorded for E. nitens (Table 5.6). The
magnitude of the inter-specific correlation seems to be related to the
expression of additive genetic variance in the pure species parental
population, particularly in the case of the increase in heritability for growth

with age in E. nitens (Table 5.6).
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Table 5.8  Genetic correlation (and standard errors) of GCA and GHA for intra- and inter-’
specific F1 hybrids. Within E. globulus the intra-species hybrid cross types TK
and KT were pooled in the analysis as one cross type.

Species D2 D3 D4 Dé D10 P6

Genetic correlation of GCA with GHA within E. globulus
E globulus (TT)  072(0.17) 079 (0.18) 094(0.12) 093(0.13) 0.97(0.20) 1.15(0.06)

E. globulus (KK)  072(031) 060(043) 099(0.19) 091(021) 093(027) 0.94(0.20)

Genetic correlation of GCA with GHA for each parental species with inter-specific Fi hybrids
E. globulus 026(0.35) 0.10(040) 012(0.34)  016(046) -1.12(0.16) 0.60(0.39)

E. nitens 0.35(050) 0.69(0.36) 0.45(045): 067 (0.46) 0.65(0.28) 0.68 (0.47)

For Pilodyn penetration (P6), the genetic correlation of parental values in pure
was, was positive, but not significantly different from zero in E. globulus (rgn =
0.60+0.39) and E. nitens (rnn = 0.68+0.47) (Table 5.8). This high pure species vs.
hybrid genetic correlation with the E. globulus parents for Pilodyn is consistent
with the general trend across traits for the correlation (res) to become
increasingly positive with increasing heritability in the pure species crosses.
The E. nitens population exhibited no significant additive genetic variation for
P6 whereas significant levels were detected in E. globulus. However, for the
same pure species heritability (e.g. E. globulus D2 vs. P6) the pure-hybrid
genetic correlation for the Pilodyn penetration was higher than that observed

for the growth trait.

In contrast to the poor inter-specific correlation involving E. globulus, there
was a very high level of genetic correlation between the parental performance
in E. globulus intra-provenance crosses and the corresponding inter-

provenance (intra-specific) hybrids for growth at all ages and P6 (Table 5.8).
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Discussion

Inter-specific F1 hybrid performance

There are many reports of superior performance of inter-specific F1 hybrids of
Eucalyptus (de Assis 2000; Potts et al. 2000; Verryn 2000; Vigneron and Bouvet
2000; Potts and Dungey 2001), however this does not appear to be the case for
the E. nitens x globulus Fi hybrid or for many other hybrid combinations
involving E. nitens (Tibbits 2000) or E. globulus (Lopez et al. 2000; Potts et al.
2000). In the present case the inter-specific Fi E. nitens x globulus exhibited
iﬂgh incidence of abnbrmalities at young ages (Potts et al. 1992) and high
levels of later age mortality. Such inviability of the E. nitens x globulus F
hybrid has also been reported by Espejo et al. (1995). Similarly, inviability is a
consistent feature in many other eucalypt hybrid combinations, particularly
involving species from the section Maidenaria, to which both E. nitens and E.
globulus belong (de Assis 2000; Potts and Dungey 2001). However, even
higher levels of inviability have been reported in wider inter-specific crosses
and there appears to be a greater tendency towards inviability in hybrids with
increasing taxonomic distance (Griffin et al. 1988; Griffin ef al. 2000; Potts and

Dungey 2001).

The main genetic causes of inviability of the inter-specific F1 hybrid include (i)
genome disharmony (e.g. irregularities during mitosis from major
chromosomal differences) and incompatible development cues; (i) the
deleterious, complementary action of one or a few genes; or (iii) cytoplasmic
effects (Levin 1978). The deleterious interactions of genes from the same (Orr
1995) or different loci (Lynch 1991) have been implicated in many cases of

inviability of F1 hybrids (Levin 1978, Burke and Arnold 2001). Such genes
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that have no deleterious effects within a species, probably accumulate as a by-
product of divergence, may cause inviability or sterility in combination with
genes from another species. In the present case it was clear that these effects
are more prevalent in individual male parents which produced high levels of
inviable F1 progeny across a range of female parents. This result shows that
within species, the potential for hybridisation varies considerably and can be
parent specific. In other cases, where high mortality occurred, the surviving
individuals were of normal phenotype and often relatively vigorous. This
effect has been noted in other studies with Eucalyptus (de Assis 2000; Perrow
(MacRae) and Cotterill 2000; Tibbits 2000), suggesting parents may be
heterozygous or polymorphic for factors causing inviability. However, in
operational breeding programs it has been demonstrated that effective
selection is still possible despite these disadvantages, provided crossing is

undertaken at a large scale (Griffin et al. 2000).

In this study the mean performance of surviving inter-specific F1 hybrids of E.
nitens x globulus for growth (D6) and Pilodyn (P6) traits was generally
intermediate, to varying degrees, between the parental intra-provenance
crosses. On average, there is a tendency for the surviving inter-specific F
hybrids to perform better than the mid-parent value and even the better
parent mean at later ages, particularly for crosses involving the King Island E.
globulus. However, this was rarely statistically significant and was likely to be
an artefact of the less competitive environment under which the surviving F
hybrids were growing compared with the parental controls, where mortality
was relatively minor (especially in E. nitens). At age 2 the distribution of
diameters in the F1 hybrids was considerably more skewed than in either
parent species, showing a clear excess of trees with very slow growth. With
time, abnormal trees died out, leaving a slight tail still evident at age 6 and a

more normal distribution for the hybrids by age 10. Therefore there is little
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evidence for significant heterosis at the cross type level in the surviving inter-
specific hybrids. Similar conclusions are reached from other hybridisation
programs involving species from the section Maidenaria. In most cases, the
inter-specific F1 hybrid mean was intermediate, or often below, the mid-parent
value (Cauvin et al. 1987; Potts et al. 1992; Dungey ef al. 1997; Lopez et al. 2000;
Potts et al. 2000; Tibbits 2000). However, this mean response does not exclude
the fact that some inter-specific F1 hybrid individuals or families may be
outstanding. Indeed, there was one outstanding inter-specific F1 hybrid
family observed particularly for growth and survival, although its wood
density was below average (Fig.5.3). These families were generally parented

by King Island E. globulus.

The evidence presented here shows that different provenances may exhibit
different responses to hybridisation. In this case, the inter-specific Fi hybrids,
using Taranna E. globulus, appear to perform worse than those using King
Island provenance on average. In this case three out of ten male Taranna
parents had very poor survival in the F1 progeny while all King Island parents
showed good survival. This may indicate a provenance difference in
hybridisation propensity, but further sampling is required to verify this
hypothesis. This was also shown in Chapter 3 for frost télerance traits, where
Taranna provenance E. globulus used in inter-specific hybrids, showed poorer

mean performance than where King Island parents were used.

A key point in assessing hybrid performance is defining the test environment
(Martin 1989; Nikles and Griffin 1992). It has been shown that expression of
hybrid superiority is often highly dependent on the environmental effects that
may limit performance of one or other of the pure species parents (Nicholas
1987; Potts and Dungey 2001). The most common reason to breed hybrids

would appear to be to provide suitable genotypes for planting in areas which
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are marginal for the parental species in terms of environmental limitations; e.g.
frost, drought, waterlogging, wind prone sites, nutritional limitations, pests
and diseases (Vigneron and Bouvet 2000; Potts and Dungey 2001; Dungey and
Potts 2002]), or to combine economically important traits, (e.g. high growth,
good form, high wood density, long fibre length) in a single organism. In
some cases hybrids are desired to achieve a combination of environmental

adaptability and economic trait improvements, as in this study.

In the present case the site was clearly more favourable for E. nitens in terms of
survival and growth of the survivors and E. globulus was not subject to
extreme frost damage as it would be at higher altitudeé in the same area (Potts
et al. 2000). Despite this there were still families from all cross types that
showed favourable combinations of high growth and low Pilodyn (high wood
density). At this site there was no indication of any inter-specific F1 hybrids
with character combinations which could not be found by exploiting the range
of genetic variation within the pure species crosses. Potts et al. (2000) have
shown that with increasing altitude in this area, E. globulus growth is severely
retarded compared to E. nitens. It is unlikely the F1 hybrid might significantly
out-perform the more frost sensitive E. globulus in terms of frost resistance
(Tibbits et al. 1991b and Chapter 3 in this thesis), ahd given the results it is also
unlikely that the Fi hybrid would outperform or even be equal to E. nitens in

growth at higher altitudes. The inter-specific Fi hybrids are likely to show at
| least slightly improved wood properties, compared to E. nitens for eucalypt
kraft pulp production(Tibbits et al. 1995; present data) if high density E.
globulus is used as a parent. However, E. ‘nitens shows very high growth
performance across a wide range of altitudes in this area (Potts ef al. 2000). It
is therefore likely to be less efficient to find genotypes of inter-specific E. nitens

x globulus F1 hybrids with comparable growth to E. nitens and superior wood
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properties, than simply exploiting genetic variation in wood properties within

E. nitens (Tibbits and Hodge 1998).

There are two issues for consideration in comparing intra-species crosses with
inter-species hybrids. Firstly, as demonstrated, there is genetic variation
within species at the within and between provenance level which can be
exploited. Secondly, heterosis exhibited in inter-provenance crossing may
provide just as much gain as can be achieved with inter-specific Fi
hybridisation. This result emphasizes the importance of using the best pure
species crosses as controls to assess the comparative value of producing
hybrids from both an economic and biological perspective (Eldridge et al.

1993).

In this study the inter-specific F1 hybrids, exhibited high levels of inviability
and, at best, the performance of the surviving hybrids was no better than the
parental species. In contrast, there is clear evidence for mid-parent heterosis
in grbwth for inter-provenance crosses of E. globulus, which appeared to be
increasing with age. Eviderice for heterosis in inter-provenance crossing has
been reported in several forest tree species (Schmidtling and Nelson 1996;
Harfouche ef al. 2000; Johnston ef al. 2001). This is possibly a reflection of
removal of mild inbreeding effects (Hardner et al. 1996} within provenances.
Nevertheless, this heterosis did not result in progeny of inter-provenance
crosses outperforming progeny of the faster growing intra-provenance crosses
from King Island in this study, although on average, the wood density would

be improved.
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Genetic parameters

Intra-species crosses

In E. globulus intra-provenance crosses it appears that King Island provenance
has lower levels of additive genetic variance for growth traits than Taranna
provenance as indicated through the coefficient of additive variance (CVa).
Current models used for genetic evaluation assume homogeneous additive
genetic variance across populations within a species (Dutkowski et al. 1997).
The differences in heritability observed in this study provide the first
indications that the level of additive genetic variance may differ between
populations of E. globulus, although larger sample sizes are required to verify
this result. Consistent with the expectations from quantitative genetic models
(Lo et al. 1993; Falconer and MacKay 1996), the intra-specific hybrid exhibits
intermediate heritabilities and intermediate levels of additive genetic variance
(Tables 5.5 and 5.6). Taranna provenance has moderate heritability for
growth, which decreases slightly with time, whereas the estimated dominance
variation is less and relatively constant. Later age growth in King Island has
low heritability and stable low levels of dominance indicating very low levels
of genetic variation for diameter growth in this provenance. The inter-
provenance crosses demonstrate a relatively constant level of dominance
while heritability decreases with time. When viewed overall, E. globulus
shows decreasing heritability for growth over time and low but relatively
stable level of dominance variation (Table 5.6). Other reports oh age trends of
genetic variancé components in forest trees show-a pattern of decreasing
dominance with age for height growth traits (Kremer 1981; Balocchi et al. 1993;
Dieters et al. 1995; King et al. 1998; Harfouche and Kremer 2000). The

generally lower dominance effects in the inter-provenance crosses are

130



Chapter.5: Comparison of intra- and inter-specific hybrids

consistent with their expression in intra-provenance crossing being due to
inbreeding and deleterious gene effects. The combined analysis across sites in
Chapter 4 yielded low heritability and no significant dominance for growth

traits, although the expression of dominance differed between sites (Table 4.6).

Hardner and Tibbits (1998) found decreasing heritabilities and greater levels
of dominance with increasing age for E. nitens diameter growth traifs, whereas
in this case, heritability of diameter growth increased and dominance
decreased with age. In the former case standard errors were much higher, in
comparison to the estimated genetic parameters. Across-site analysis in
Chapter 4 shows no dominance and increasing heritability with age for E.

nitens CP material (Table 4.6).

Intra-specific versus inter-specific F1 hybrids

There are reports of genetic parameters for inter-specific hybrid populations
estimated for breeding and deployment purposes (Bouvet and Vigneron 1995;
1996b; Dungey et al. 2000a; Gwaze ef al. 2000; Rezende and de Resende 2000).
However, the general lack of pure species controls means that there is little
information on whether hybrid populations behave similarly to pure species

populations and conform to current quantitative genetic models.

In this study the performance (as discussed previously) and genetic
parameters clearly indicate the genetic behaviour of the inter-specific Fi
hybrid population differs markedly from the inter- and intra-provenance
crosses within species. This is reflected by the fact that the coefficients of
additive genetic variation and heritabilities for growth are inflated compared
to the pure species controls with common parentage and other reports from
the literature (see Chapter 4). However, this was not the case for the inter-

provenance Fi hybrids where the level of additive genetic variation in the
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intra-specific F1 hybrid population are intermediate between that exhibited in
the two intra-provenance populations, which is expected under an
infinitesimal gene model (Lo ef al. 1993). Furthermore, the additive genetic
effects estimated for growth in the pure species populations (GCA;
particularly for E. globulus) do not correlate with additive genetic effects
estimated from the inter-specific hybrid population (GHA), whereas they do
in the intra-specific hybrids. This result argues for completely different
expression of genetic variation in the hybrid population, at least for genes

affecting growth.

In contrast to growth, more typical quantitative genetic behaviour of the
hybrid population was observed for Pilodyn penetration in the present study.
The evidence to support this includes (i) levels of additive variation in the
hybrid population were comparable to those in the pure species population
and (ii) the correlation of genetic effects expressed in the E. globulus and E.
nitens pure species crosses is positively correlated with that expressed in the
hybrid population, although these correlations had high standard errors,
which brings into question their statistical significance. In this case, selection
of E. globulus and E. nitens parents with high wood density would be expected
to result in hybrids with higher than average wood density, however due to
the large standard error associated with the genetic correlation estimates this

hypotheses requires further testing.

The correlation between pure and hybrid performance has been examined in a
number of forest species (Nikles and Newton 1991; Powell 1993; Dieters and
Dungey 2000; Dungey and Nikles 2000; Schneck and Langner 2000; Tibbits
2000; Vigneron and Bouvet 2000), including eucalypts, but sample size in
virtually all cases is small. Specifically, what is important to breeders is the

correlation of the general combining ability (GCA) of parents in pure species
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to their general hybridising ability (GHA). This correlation varies between
species and traits. Poor GCA/GHA correlations occur for growth and frost
(Chapter 3) traits in this study, but the correlation is better for other traits such
as Pilodyn penetration (this study) and disease resistance (Dungey ef al. 1997).
In the latter case, the GHA correlations were not significantly different from
zero, but they were consistently positive. Although not estimated in the same
trial or statistically tested, previously derived pure E. urophylla breeding
values for growfh were well correlated with GHA values derived from E.
urophylla x grandis (0.63) and E. urophylla x pellita (0.83) F1 factorials grown in
Congo (Vigneron and Bouvet 2000). As expected, a strong correlation
between the E. urophylla GHA values estimated from the two different hybrid
combinations (0.64) was also reported. In South Africa, Verryn (2000) also
reports a positive, but insignificant correlation (0.65) between previously
estimated GCA of E. grandis parents and their GHA in E. grandis x saligna F
hybrid trial. Powell and Nikles (1996) found correlation for GCA and GHA
in hybrids of southern pines to be approximately r = 0.70 for diameter and
height while the correlation for stem straightness was not significantly

different from zero.

The poor genetic correlation between pure species and hybrid performance,
particularly in the E. globulus parents, for growth observed in the present
study could arise if (i) different genes are the determinants of a trait, such as
growth, in the hybrid population compared to those in one or other parental
population such as genes determining disease resistance (Vigneron and
Bouvet 2000), (ii) hybrid combinations are influenced more by non-additive
than additive genetic effects (Dieters and Dungey 2000), or (iii) other genetic
factors such as chromosomal structural differences impact on hybrid
performance. This result is consistent with the theoretical treatment (Gordon

1999), showing that hybrid populations are profoundly different from a

133



Chapter 5: Comparison of intra- and inter-specific hybrids

random mating population, and that the estimates of additive genetic variance
in pure and hybrid populations are not theoretically comparable. Bouvet and
Vigneron (1996b) similarly note that results concerning additive and
dominance variance in hybrid populations must be treated with caution as (i}
the hypothesis of a unique panmictic population is not verified as the parent
trees belong to different provenances (ii) epistatic effects can not usually be
estimated and are not included in the model. These epistatic effects are
included into additive and dominance effects and may lead to an overestimate
of these effects if large (Falconer and MacKay 1996). However, while epistatic
effects are likely to be small in pure species populations (Stonecypher and
McCullough 1981; Gallais 1988a; 1988b), this may not be the case in
interspecific hybrid populations. Indeed, epistatic interactions between the
divergent genomes of the different species may well override the addiﬁ\}e
genetic effects within pure species, which are normally consistently expressed
in intra- and inter-provenance crossing. Most of these non-additive inter-
specific interactions appear to be deleterious as some parents show high levels
of inviability and poor growth in inter-specific hybrid combination, which

cannot be predicted from knowledge of classical quantitative genetic models.

The model is not correct, in that differences between families in hybrids may
be due to deleterious epistatic interactions or segregation of major genes,
which is not catered for in classical quantitative genetic theory. The high level
of abnormalities observed in the nursefy and at a young age in the hybrids
(Dungey 1991; Potts et al. 1992), suggests that genetic mechanisms other than
those expected under an infinitesimal gene effect model, may be operating in
the hybrid population. These abnormalities were either lethal or have
reduced the growth to such an extent that the individuals concerned were not
able to survive competition from neighbouring trees. However the problem

was not confined only to major abnormalities. Bouvet and Vigneron (1996b)
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reported a level of abnormalities around 10% for E. urophylla x grandis. These
problems also affected the analysis in the present study. For example, the
average family performance was reduced and family variance was
considerably inflated at early stages in the inter-specific hybrids. Once the less
vigorous and deformed trees died, there was a corresponding effect on family
performance through decreased competition at later ages, as a result of gaps
amongst the hybrid plots. For these effects to result in such a marked increase
in heritability for growth they occurred only within a few families, and never
in others, causing heritability to decrease with time. This suggests a strong
genetic basis to inter-specific hybrid performance, as suggested by Baril et al.

(1997a; 1997b) in an E. urophylla x E. grandis hybrid.

In generating individuals from more than one breed, (population or species)
we aim to exploit favourable dominance deviations. However, there is a risk
that favourable epistatic relationships, which have been established within the
breeds, will be broken down (Kinghorn 1980). In addition, there is evidence
that epistatic variance can be converted into additive variance following a
founder event (Goodnight 1988) or crosses between distantly related
individuals, breed or species (Lynch 1991). This non-linear response to the
degree of outcrossing suggests there is a fundamental change in the
predominant gene interactions as mates become more and more distantly

related (Lynch 1991).

Implication for making choices in breeding and deployment

The implications of varying levels of GHA compared with GCA for different
traits or parental species has implications for hybrid breeding strategy. In the
case presénted here it appears that wood density in E. globulus is a trait that
behaves as predicted according to classical quantitative genetic theory in
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intra-/inter-provenance and inter-specific crosses. This reflects the strong
genetic control of this trait. However, it becomes clear from the result, that as
the level of genetic variance is reduced, so too is the ability of a species to

express its genetic merit in a predictable manner in a hybrid combination.

The result illustrates the importance of accounting for provenance or race
effects for growth and Pilodyn penetration (wood density). Despite the fact
that E. globulus produces a denser wood than E. nitens, the differences depend
on the specific E. globulus races compared. In our study, trees from King
Island were less dense (higher Pilodyn) than the E. nitens material from
Toorongo, whereas trees from Taranna E. globulus were about 10% denser.
Trees from King Island grew significantly better (about 10% also) than
Taranna, so the overall merit of each cross type depends on the relative

importance given to volume and wood density in the breeding objective.

In eucalypts, the relative value given to wood density in breeding for Kraft
pulp production is marginally higher than for volume, but differences are
small, and depend on the cost structure, discount rate and selection criteria
(Greaves et al. 1997a).  Therefore the use of E. nitens x globulus F1 hybrid
would need to show significantly improved wood quality and growth
compared to E. nitens to be useful in Tasmania. The indications are that there
is no significant genetic correlation between growth and density in the inter-

specific E. nitens x globulus F1 hybrid.

Proposed and commercially used strategies for breeding eucalypt hybrids
have been reviewed (Shelbourne 2000; Verryn 2000). The two main strategies
that have historically dominated the hybrid breeding literature are reciprocal
recurrent selection (RRS) (Comstock et al. 1949; Hyun 1976) and recurrent
selection (RS). If the performance of the hybrids can be predicted easily from

the performance of parents in the pure-breds, then RS is the simplest
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alternative. However, as noted by Potts and Dungey (2001), RRS has obvious
advantages where tests of both pure species are not possible (Vigneron and
Bouvet 2000) or if there is a poor correlation between performance of parents
in hybrid and pﬁre species combinations. A RRS strategy, which is the most
appropriate given the lack of parental predictability (low correlation of GCA
with GHA) would require the removal of parents which produce inter-species
Fi hybrid families with a propensity to produce abnormal phenotypes with
low vigour and/or poor form. This strategy adds significant cost and time to a
breeding program, which limits the achievement of gain per unit time.
However, as classical quantitative genetic theory does not appear to explain
the behaviour of inter-specific hybrids there is doubt as to whether the normal
measures of inheritance such as narrow sense heritability can be interpreted in
the same way as applied to intra-specific crosses (Gordon 1999) and genetic

gains would be more difficult to predict.

Nikles and Griffin (1992) pointed out that hybrids are used either because of
heterosis or complementarity betweenA species. In the present case the hybrid
demonstrates little heterosis and limited complementarity. It must be
considered that the hybrid would be required to demonstrate a significant
advantage over the parent species to warrant the breeding and propagation
effort required to produce a deployment population. E. nitens x globulus is
difficult to propagate by vegetative means, such as cuttings or tissue culture.
Given the low level of heterosis and unreliability of prediction of hybrid
performance demonstrated here, it would be dangerous to adopt a seed based
strategy at least for the first generation hybrids. Some gain may be possible
through initial screening of parents already established in pure species
breeding arboreta for traits such as wood density and superidr rooting ability.

However, as has been demonstrated here there will be significant progeny
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testing required to determine the worth of particular parents within species

for generating inter-specific hybrids.

In this study the hybrids did not show any clear advantage over either of the
parental species and more progress could probably be made by concentrating
effort on improvement within species rather than through a hybrid program.
For example, there is no evidence that the hybrid combines high wood density
of E. globulus with fast growth of E. nitens to an extent where there is a
significant difference between the hybrid and E. nitens and also in frost
resistance the hybrid is not significantly different from the least resistant

parent (E. giobulus).

There is evidence in this study that specific hybrid families are produced that
outperform most of the i)ure species families for one or other of the traits
examined. This result confirms that it is possible to “discover” such families
and individuals, which could be exploited. However, this study has shown
' that there is no reliable quantitative genetic method of predicting which
parents will produce outstanding inter-specific Fi hybrid combinations. The
hybrid combination of E. nitens x globulus therefore, does not appear to
demonstrate any clear advantages to the tree breeder due to the unpredictable

performance of progeny and difficulty with production and propagation.

The present study demonstrates the importance of understanding the
fundamental genetic parameters behind the performance of hybrids, which
are commonly used in forestry. There are many examples of successful hybrid
combinations of eucalypts used commercially around the world. These have
often been exploited by way of vegetative propagation. Despite the size of
many of these commercial hybrid programs, very little work has been done on
the basic genetic parameters of the hybrids or their parental species.

Consequently, there is little information available that allows evaluation of
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merit for potential parents or the prediction of gain in inter-specific hybrid
breeding programs. This does not bode well for future genetic improvement

of these F1 hybrid taxon.
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Chapter 6: Conclusions

The test of suitability of the two species E. globulus and E. nitens for use in
hybrid combination has been thoroughly examined in this thesis. In addition
the use of genetic parameter estimates derived from open-pollinated (OP)
material has been examined in direct comparison with control-pollination

(CP) using the same parents. The conclusions from this study are:

1. OP estimates of genetic parameters can be unreliable for many traits, but

particularly growth traits.

The accuracy of selection and prediction of Igenetic gains in a species is
determined by the confidence that can be placed in genetic parameter
estimates and the estimation of breeding values. This study, combined
with work on other eucalypt species, has shown that OP progenies
from native stands do not provide accurate genetic parameter or
breeding value estimates for growth or frost resistance, especially in E.

globulus.

The extent of the adverse additive genetic correlation between Pilodyn
and growth traits may have been under-estimated from OP progeny
(Chapter 4). This has serious implications for breeding strategies that

seek to improve wood density and growth simultaneously.

To date major breeding programs in Australia have relied on genetic
correlations derived from OP progeny tests. OP estimates in E. globulus
and to a lesser extent in E. nitens appear to be confounded by
differential levels of inbreeding at the tree and population levels within

the native stands.
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OP progeny trials appear to have under-estimated the importance of
_additive genetic x environment interactions in E. globulus (Chapter 4). This
is important as the level of genotype x environment interaction determines
whether single or multiple breeding populations are required for a

plantation program that may cover a number of regions and environments.

. There is evidence for differences in the levels of genetic variance within
races of E. globulus that may need to be accounted for in intra- and inter-

specific hybridization programs.

It is clear from this study that there were different levels of additive
.genetic variance and total phenotypic variance for frost (Chapter 3),
growth and wood density (Pilodyn) traits (Chapter 4) within the
populations of E. globulus (Taranna and King Island). Current genetic
evaluation models used in breeding programs assume these variances

are homogenous daCross races.

. Inter-provenance hybrid populations of E. globulus appear to behave as
expected from quantitative genetic theory. These populations exhibited
intermediate levels of additive variance and a strong correlation between

parental performance in intra- and inter-provenance hybrid populations.

There was good correlation of GCA values derived from intra- and
inter-provenance crosses within E. globulus (Chapter 4 and 5). This was
despite the differences in levels of additive genetic variance between
provenances (Chapter 4). These differences in variability and
heritability estimates were intermediate in the inter-provenance hybrid
population. However, the generality of this result needs to be
examined further in a more comprehensive inter-provenance crossing

program. )
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4. There is evidence that genetic differentiation in E. globulus and E. nitens
affects hybrid performance, particularly viability and production of
abnormal phenotypes which, at the moment, cannot be predicted prior to

crosses being undertaken.

The production of the inter-specific hybrids has been marked by low
seed yields (Chapter 2), high frequency of abnormal and inviable
phenotypes that became evident in the nursery (Potts et al. 1992) and

persisted in the field until at least 6 years after planting (Chapter 5).

5. There is no significant correlation of GCA with GHA, particularly in E.
globulus, therefore the performance of inter-specific F1 hybrids cannot be
predicted from the parental breeding values derived from intra-specific

performance.

The implications of varying association of GHA and GCA for different
traits or parental species have implications for hybrid breeding
strategy. In the case presented in this study it appears that Pilodyn (an
indirect measure of wood density) is a trait that behaves according to
classical quantitative genetic theory at all levels of intra- and inter-
specific crosses (Chapter 4 and 5). This reflects the very strong genetic
control of this trait. However, it becomes clear that as the level of
additive genetic variance is reduced, so too is the ability of a species to
express its genetic merit in a predictable manner in an inter-specific
hybrid combination (Chapter 3 and 5). This is particularly problematic

for growth traits.

~ 6. There is evidence that most traits in the inter-specific hybrid are
intermediate compared to the intra-specific performance or deviate to the

performance of one or other of the parental species. There is, at best, weak
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mid-parent heterosis for some traits such as later-age growth, but no
evidence of average performance that exceeds that of either parent for any

trait examined.

In this study the inter-specific F1 hybrid did not show any significant
advantage over either of the parental species. In the case of frost there
is strong evidence that the performance of E. nitens x globulus is closer
in performance to the more frost-sensitive E. globulus (Tibbits et al.
1991b and Chapter 3 in this thesis). One of the most important reasons
for producing the hybrid was to try and increase the range of “globulus
like” material by improving the frost resistance in the hybrid compared
to E. globulus. In other traits such as growth and Pilodyn the evidence
is that the hybrids do not show any combination of these traits which
could not be found within the parental species even though there was a
couple of inter-specific Fi1 hybrid families which were ranked among
the top families, particularly for growth (Chapter 5). It has been
pointed out that classical quantitative genetic theory does not appear to
adequately explain the performance of inter-specific hybrids and the
normal measures of inheritance may not be able to be applied in the

same way as for intra-specific crosses.
7. Implications for breeding and deployment

It has been shown that inter-specific hybrids are used either because of
heterosis or complementarity between species (Chapter 1). In this case
the inter-specific F1 hybrid demonstrates little heterosis and limited
complementarity for the traits examined on one site (Chapter 5). It
must be considered that the hybrid would be required to demonstrate a
significant advantage over the parent species to warrant the breeding

and propagation effort required to produce a deployment population.
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A Reciprocal Recurrent Selection strategy, which is the most
appropriate given the lack of predictability (low correlation of GCA
with GHA), requires the removal of inter-species F: hybrid families and
pure parents with a propensity to produce abnormal phenotypes with
low vigour and/or poor form. It requires progeny testing to determine
which  parental combinations produce outstanding families.
Exploitation of outstanding individuals within families for clonal
propagation requires that these individuals can be identified and that

they can be propagated by vegetative means.

A breeding concept that incorporates separate improvement of the
parental species and then crdssing outstanding individuals to produce
F1 hybrids may have some merit if undertaken on a large scale and
utilises parents already established in arboreta. However, this study
does not provide enough information to test the validity of this
concept. Exploitation of such hybrids would still be limited by the

ability to propagate them in large numbers.

E. nitens and E. globulus are difficult to propagate by vegetative means,
such as cuttings or tissue culture and there is no evidence to suggest
that the inter-specific F1 hybrid is any different. Therefore, breeding
strategies must incorporate the use of seed as a means of propagation
or screening of potential F1 hybrids for vegetative propagation ability.
The latter would be more favoured, as current knowledge suggests the
small-flowered E. nitens must be used as a maternal parent. Therefore,
a seed based strategy for inter-specific E. nitens x globulus F1 hybrid
production would be impractical, given low capsule survival and seed

yields (Chapter 2). In the latter case, the use of vegetative propagation
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as a further screening trait may have an impact on the ability to exploit

the most favourable combinations.

The results of this study suggest that more progress could be made by
concentrating effort on genetic improvement of a trait or combination
of traits through breeding within species rather than through a hybrid
. breeding program for the traits and species combinations examined

here.

In the case of intra-specific hybridisation within E. globulus it has been
shown, that despite differences in performance and levels of genetic
variation within provenances (or races) with wide geographic
separation, the inter-provenance performance can be reliably predicted
from intra-provenance cross performance using classical quantitative

genetic theory (Chapter 4 and 5).

This is the most comprehensive examination of hybridisation in Eucalyptus
where material of known genetic background has been utilised. The study
has demonstrated that a thorough understanding of the fundamental genetic
parameters behind the performance of hybrids is required. The hybrid
combination used in this study does not demonstrate any advantages due to
the unpredictable performance of progeny and the difficulty with propagation
(examined by others). There are many successful examples of hybrids being
commercially exploited around the world. However, none of these programs
to date, have been based on sound knowledge of the genetic parameters of the
parental species and only a few have been based on a thorough investigation
on genetic parameters within the hybrids themselves (Vigneron and Bouvet
2000). Consequently there is little information available that allows evaluation
of merit for potential parents or the prediction of gain in breeding programs.

Exploitation of hybrids will continue to be confined to adventitious discovery
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N

of unique phenotypes combined with high multiplication rates through
vegetative propagation while this situation continues. This does not bode
well for future genetic improvement of parental spécies to allow production of
F1 hybrid taxon or understanding of the genetic basis behind their perceived

superior performance.
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