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based Australian forest plantation industry. The new
strategy builds on the existing base for P. radiata, and
on the last strategy review in 2000.

The new strategy comprises a large open-pollinated
(OP) Main Population (MP) with 500 female parents and
two sublines (250 female parents per subline). The MP
will be tested using alpha designs, single-tree plots and
incomplete blocks to maximise efficiency. Each subline
will be tested on four sites, geographically distant from
the other subline. The MP will be managed in discrete
generations. Selection of the next generation will be
using a combination of backward and forward selection,
but the strict control of inbreeding with identified lin-
eage will rely on the development of parental recon-
struction for OP progeny. There are alternatives to this,
however, such as estimating the group coancestry and
accepting some additional increase in inbreeding. This
is a new and significant departure from previous breed-
ing strategies for P. radiata in New Zealand.

There will also be a single, small Elite Population
(EP), tested 50% as progeny and 50% as clones. Twenty
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four parents will be tested each year as clones and 24 as
seedling progeny with some overlap between the two. It
is expected that the clonal population will capture the
greatest gains in traits with low heritabilities, and the
half-sib progeny will capture the greatest gains in traits
with high heritabilities. The two sublines will be main-
tained in the EP, and breeding will be managed as a
rolling front with trials established every year, while tri-
als of the MP will be established every 10 years.

Key words: Australia, clones, genetic gain, sublining, mating
system.

Introduction

Pinus radiata D. Don. is the principal plantation
species in New Zealand, occupying around 1.63 million
ha, over 89% of the current plantation resource (ANON.,
2006). The species has five distinct populations in its
natural distribution, including Cedros and Guadalupe
Islands off the coast of Mexico, and Cambria, Monterey
and Afio Nuevo on the California coast, U.S.A. (BURDON
and MILLER, 1992; LAVERY and MEAD, 1998). In New
Zealand, plantation P. radiata is based largely on a
breeding population derived from land races, originating
primarily from the Monterey and Afio Nuevo popula-
tions (BURDON and MILLER, 1992). Since the first selec-
tion and breeding of P. radiata was undertaken over 50
years ago, the species has been subjected to at least two
cycles of selection (JAYAWICKRAMA and CARSON, 2000;
SHELBOURNE et al., 1986). Reviews of how the species
has been bred have also been presented several times
since the development of a breeding programme (see
JAYAWICKRAMA and CARSON, 2000). The third generation
of Pinus radiata is now being developed for members of
the Radiata Pine Breeding Company, for future use in
both New Zealand and Australia. This is a major step
forward for this species, which has been selected for
growth and form since the 1950’s, for resistance to Doth-
istroma pini since 1983 (CARSON and CARSON, 1986) and
for wood quality (density) since 1975 (BURDON, 20084, b;
JAYAWICKRAMA, 2001; JAYAWICKRAMA and CARSON, 2000).

Breeding P. radiata was originally initiated in the
R&D section of the New Zealand Forest Service, which
later became a limited liability company, the New
Zealand Forest Research Institute. In the mid 1980’s, a
breeding cooperative was formed with industry part-
ners. This cooperative then itself became a limited lia-
bility company in 2001, with full germplasm ownership
(R. BURTON pers. comm.; BURDON, 2008a). The most
recent change for New Zealand P. radiata is the forma-
tion during 2004 of the Radiata Pine Breeding Company
(RPBC), a research consortium with joint industry and
government funding. The RPBC is now a consortium
between multiple research providers including Scion
(formerly Forest Research), the forest industry, and with
the University of Canterbury as an associate member.
The formation of the Radiata Pine Breeding Company
Research Company provided a unique opportunity for
revising, updating and implementing the most recent
strategy, summarised by JAYAWICKRAMA and CARSON
(2000).

The strategy presented here is the result of a review
initiated in 2004, shortly after the formation of the
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RPBC. The review was aimed at obtaining an external
evaluation of the existing breeding strategy (JAYAWICK-
RAMA and CARSON, 2000), to build upon and move for-
ward with the existing genetic population.

This paper outlines the background and gain simula-
tions undertaken leading up to the strategy review,
briefly describes the review process, and presents the
new breeding strategy structure.

Summary of the previous strategy

The JAYAWICKRAMA and CARSON (2000) strategy was
the last major revision of radiata pine breeding in New
Zealand. The structure of this strategy was divided into
a MP and a number of “breeds”. All populations were
partitioned into two sublines, to minimise inbreeding.
Control pollinated (CP) seed orchards, with crossing
between the sublines, were assumed to be the primary
path for deployment (CARsON, 1986). The emphasis
within the main was on recurrent selection for GCA.
Genotype x environment interaction was not considered
to be sufficiently important to warrant regionalised
breeding programmes (CARSON, 1990; JAYAWICKRAMA and
CARSON, 2000). Four breeds (Growth and Form, Doth-
istroma Resistant, Clear Cuttings [a breed with moder-
ate to long internodes and low spiral grain angle] and
Structural Timber; JAYAWICKRAMA and CARSON, 2000)
were formed from pre-existing populations discrete from
the MP (including: Dothistroma Resistant, High Wood
Density and Long Internode populations) and from
selections using breeding goals established for growth,
high wood density, clear cuttings and structural timber.
A population containing Guadalupe provenance materi-
al was also to be integrated into the MP (Figure 1).

The main traits considered for selection were growth,
form, wood density, and needle retention (in some
series). Internal checking and spiral grain were consid-
ered mainly to eliminate inferior trees. Some selections
were also made for increased internode length and
reduced branch size.

__| Subline1 |_

Figure 1. — Schematic diagram of the JAYAWICKRAMA and CAR-
SON (2000) strategy (adapted from JAYAWICKRAMA and CARSON
2000). Only one subline is shown, although the strategy is com-
prised of 2. Both sublines have exactly the same structure.
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The second generation MP was produced and estab-
lished at three sites in 1992 to 3, with 83 pair-crosses
involving 103 parents. Only one site survived an out-
break of Helicoverpa caterpillars. This trial series,
named the ‘Big Bang’ attempted to bring together a
number of disjunctive selection series, incorporating
land race selections, usually from different regions with-
in New Zealand, but selected across different years. Two
additional land race selected populations (885 and 888
series) are being incorporated into the MP. A further 125
parents (male and female), including some Australian
selections from New South Wales have been established
but are as yet too young for a meaningful assessment.
Mating for this second generation MP was based on dou-
ble-pair mating or pair-crosses (JAYAWICKRAMA and CAR-
SON, 2000). JEFFERSON (2005) identified that the status
number of the Main and EPs were 29.3 and 32.9 for sub-
lines 1 and 2 respectively.

In 2002 and 2003, 50 forward selections from the Big
Bang were chosen and supplemented with selections
from the Dothistroma (43) and High Density (46) EPs
(StovoLD and JEFFERSON, 2004). Open Pollinated (OP)
seed was collected from all the ortets selected within the
trials and the first seed was sown in winter 2004, with
trials established during 2005.

The breeding strategy also involves a P. radiata gene
resource, known as the Gene Resource Population
(GRP). This includes native population material from
the five main provenances of radiata pine. In addition, it
includes land race material, which has developed over a
number of generations within New Zealand and Aus-
tralia. The populations available include:

* OP progeny from 13 native mainland populations,
each with about 40 female parents per native popula-
tion, 513 selections in all, planted in provenance trials
and in approximately 183 ha of block plantings estab-
lished 1980 to 89.

® Guadalupe island: 67 selections from OP progeny
tests, currently tested as 70 full-sib crosses in 2 sub-
lines, and available for infusion into the MP.

® Cedros Island: 30 selections made, originally from two
stands present on Cedros Island. Crossed in a double-
pair mating design, with seed sown in 2004.

Other gene resources that may be available in the
future include resources from other P. radiata breeding
programs. This may be through the Southern Tree
Breeding Association (STBA), which manages the major-
ity of P. radiata breeding in Australia, based at Mt Gam-
bier in South Australia (BORRALHO and DUTKOWSKI,
1998; PowELL et al., 2004; 2005; WHITE et al., 1999).
Forests NSW, historically a part of the STBA joined the
RPBC in 1990 after a severe shortage of seed in Aus-
tralia, and a critical review of plantations determined
that climate and soil types were more similar in New
Zealand than in South Australia (JOHNSON et al., 2008).
Other sources include material from breeding pro-
grammes in Chile, South Africa and Spain (LAVERY and
MEeAD, 1998). Pinus radiata also exists in the natural
populations in California, Cedros and Guadalupe
islands. Nevertheless, material from many of these
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countries is restricted due to the presence of pine pitch
canker and the strict quarantine rules for entry of seed
into New Zealand (e.g., see DicK, 1998; ORMSBY, 2004).

Background research

Two main areas of research were undertaken prior to
the revision of the breeding strategy. First, deterministic
simulations examined the potential gains that cloning
may bring to the breeding strategy. Second, whether
breeding values predicted from clones were comparable
to those predicted from seedling progeny trials was also
investigated to determine the breeding success under a
cloning scenario. Brief summaries of the outcomes of
these research areas are given below, as they provide
important background information.

Maximising gains: the basis for a proposed breeding
strategy

A deterministic simulation study was undertaken to
compare gains from clones versus seedlings (progeny)
from OP, polycross and full-sib families in large MP and
small EPs (Shelbourne et al., 2007). Genetic gain (as the
percent improvement in the mean of a single trait) was
predicted for a range of heritabilities and population
sizes for cloned versus seedling breeding populations
using G-Assist (VERRYN and SNEDDEN, 2000).

Gains when using OP and polycrosses in the MP
(using within-family selection) were larger than when
using Control Pollination (CP) (SHELBOURNE et al.,
2007). Cloning 25 seedlings per family (produced from
OP, polycrosses or CP), with a few cuttings of the origi-
nal seedling, gave better predicted gains than from an
equivalent number of seedlings per family, at least up to
a heritability of 0.5 (which includes most P. radiata
traits). Using OP crosses in the MP resulted in shorter
testing cycles. In addition, OP crosses meant that there
was no grafting of parents into archives for CP, which is
cheaper than a full CP program. Above all, cloning of the
progeny of the small EP enabled the selection of the best
clones for seed orchards without the costly time consum-
ing step of further progeny testing. Furthermore, man-
aging one Elite test as a clonal archive would allow CP
for the next cycle of Elite breeding to be undertaken
without delay.

A possible new strategy and plan for developing the
existing P. radiata breeding programme was proposed in
the light of these findings (SHELBOURNE et al., 2007).
This would involve the rapid creation of an expanded
MP with at least 400 OP families from the best forward-
and backward-selected parents available, as well as fur-
ther selections from unplanted pair-cross family seed-
lots, and OP progeny tests of selections from the surviv-
ing 1993 ‘Big Bang’ trial. Cloning was rejected for use in
this generation of the MP, because the cost and delay in
doing so was prohibitive. A fully cloned full-sib EP was
also proposed with forward selection and clonal tests
that could be later converted into clonal seed orchards to
enable rapid deployment and reduce the length of the
breeding cycle. The proposed strategy was used as a
basis for the strategy review process.



Clonal versus seedling breeding values.

The majority of selection in the breeding program has
been based on the backward selection of parents for gen-
eral combining ability (GCA) after extensive progeny
testing (JAYAWICKRAMA and CARSON, 2000). Before clonal
testing would be considered by RPBC members, it was
necessary to demonstrate that clonal breeding values
would be just as reliable as breeding values based on
progeny or testing for GCA. KuMAR (2006) examined the
results of a clonal test propagated by fascicle cuttings,
with the performance of their OP offspring in a progeny
test. The correlation of the female parent’s breeding val-
ues when planted as clones or OP progeny indicated
that the clonal breeding values estimated in the clones-
in-families trials were adequate predictors of their off-
spring-based breeding values in the OP trials. However,
the size of the correlation depended largely on the size of
the estimated heritability concerned; the higher the her-
itability, the higher the correlation. This is likely to be
associated with poor estimation of means for lower heri-
tability traits. However, further work is needed to con-
firm this. Nevertheless, the good news was that the
breeding values estimated from the clonal trials
appeared to be adequate.

Influence and experience from other programmes.

Key issues for breeding strategy include the control of
inbreeding (WILLIAMS and SAVOLAINEN, 1996; WU et al.,
1998), mating type (KING et al., 1998; DANUSEVICIUS and
LINDGREN, 2005; COTTERILL, 1989; BORRALHO and
DuTkowsKl, 1998), population size and/or status number
(e.g. DANUSEVICIUS and LINDGREN, 2005; LINDGREN et al.,
1996), time and cost (DANUSEVICIUS and LINDGREN, 2005)
and aims of the program (see WHITE and CARSON, 2004).
Optimal solutions vary with species, region and breed-
ing objective, although reciprocal selection for general
combining ability is favoured in many conifer breeding
programs (WHITE and CARSON, 2004).

Breeding strategies in Australia and New Zealand are
both influenced by Cotterill (COTTERILL, 1986, 19809;
COTTERILL et al., 1989) and the concept of nucleus breed-
ing. New Zealand had already developed multiple-popu-
lation strategies, driven for example by the early need
for the development of a Dothistroma Resistant popula-
tion as early as 1983 (CARSON and CARSON, 1986). How-
ever, the concept of nucleus breeding strategies further
influenced the structure of the breeding population. This
is evident through the existence of the ‘elite’ populations
(JAYAWICKRAMA and CARSON, 2000). New Zealand was
also strongly influenced by Danish tree breeding by the
leadership of the breeding group for many years by Ib
Thulin (e.g. THULIN, 1957) as well as Northern American
ideas (e.g. WHITE et al., 1993, 1999; McKEAND and
BRIDGWATER, 1998; MAHALOVICH and BRIDGWATER, 1989),
and concepts of adopting discrete generations and struc-
tured sub-lining (JAYAWICKRAMA and CARSON, 2000; BUR-
DON and NAMKOONG, 1983). In addition to COTTERILL
(1986) and COTTERILL et al. (1989), Australia was influ-
enced by more traditional breeding schemes as dis-
cussed by WHITE et al. (1999). More recently the
program was influenced by the ideas of Nuno Borralho
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in the late 1990s and the arrival of ‘rolling front’ strate-
gies, involving annual testing cycles (BORRALHO and
DUTKOWSKI, 1998).

LAMBETH et al. (2001) strongly influenced New
Zealand breeders in their paper on polymix breeding,
using molecular markers to identify the male parents of
progeny though paternity analysis. This presented a
method to simplify and reduce the costs of progeny test-
ing, while still keeping control of inbreeding in forward
selection. KUMAR et al. (2005) determined that parental
reconstruction for most progeny was possible through
markers in polycross progeny in radiata pine. Technical
difficulties remain, and ambiguous parentage results
remain a problem due to relatedness (e.g. LAMBETH et
al., 2001). In the next decade, New Zealand will end an
era of unimproved forests and move to harvesting only
improved breeds. This will limit the number of possible
contributing male parents. The top 50 parents of the
P. radiata breeding population have already been geno-
typed for other studies (P. WiLcOX pers. comm.). How-
ever, the number of male parents will more than likely
be less than 50 parents in a single polymix, where all
parents are known.

In addition, as discussed by KuUMAR (2006), various
simulation studies had indicated the advantages of
cloning in the breeding population (SHAW and Hoob,
1985; JEFFERSON and WEAVER, 1997; ROSSVALL et al.,
1998; DANUSEVICIUS and LINDGREN, 2002). These studies
were followed by SHELBOURNE et al.’s (2007) empirical
simulations. Results confirmed the likelihood of addi-
tional gains through cloning in the breeding population.
Simulations have also recently shown that variation
across individuals in success of vegetative propagation
by somatic embryogenesis does not necessarily lead to
reduction in gain (LSTIBUREK et al., 2006).

Recently published work on breeding strategies has
highlighted some new ideas. Gains are likely to be
enhanced using positive assortative mating (PAM,;
LSTIBUREK et al., 2004a). Stratification of sublines by
using positive assortment of breeding values to organise
sublines, has been shown in simulations to lead to
increased genetic gains (RUOTSALAINEN and LINDGREN,
2000). Simulations have also indicated an optimal
breeding population size between 30 and 70 individuals
(DANUSEVICIUS and LINDGREN, 2005). Smaller popula-
tions suited more intensive and efficient breeding pro-
grams for traits with higher heritability, high phenotyp-
ing costs and a low priority to gene diversity with a
small overall budget.

The review process

In July 2005, a workshop was held to develop a new
breeding strategy for the RPBC. The review was based
on information from the JAYAWICKRAMA and CARSON
(2000) strategy and the information and recommenda-
tions from the research results outlined above. A panel
of international experts in breeding strategy was invited
to participate in the review. Beginning with the MP, the
structure and some operational elements of the breeding
strategy were put to open debate. The strategy is there-
fore one built on consensus among participants at the
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workshop. A further one day workshop was held in
Rotorua, New Zealand to finalise some details of the EP
breeding strategy. The outcome of the workshops and
details of the new strategy are outlined below.

The new RPBC radiata pine breeding strategy

Main Population MP

The MP will be cycled in discrete generations and
comprised of 2 sublines. Each subline will consist of 250
female parents and will be named RED and WHITE
respectively (Figure 2). Inbreeding will be contained
within sublines and outcrossing across superlines will
always be available for deployment purposes. Each sub-
line will be tested as OP progeny on four sites with
twenty individuals per family per site in a single-tree
plot design.

The MP will generally use an OP testing strategy
although the first round of tests will be constructed from
what material is available now for testing. This includes
a combination of OP progeny from various sources,
including forward selections and CP progeny from the
previous JAYAWICKRAMA and CARSON (2000) — based
crosses. More detail is given in Table 1.

An OP strategy ensures that the process is relatively
inexpensive, is able to be accomplished without grafting
and crossing, which will reduce time taken for genera-
tion turnover and will keep the process relatively flexi-
ble.

Risks of selecting sibs as forward selections from OP
populations are real, but with the developing DNA pedi-
gree reconstruction (paternity analysis for trees), these
risks may be mitigated. The advantage of this system is
that it allows MP trials to be used for both GCA testing
and forward selection at the same time. A recent study
(KUMAR et al.,, 2005), reconstructed LAMBETH et al.
(2001)’s parental analysis in Pinus taeda, suggested that

Subline 1

(Red)
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molecular markers could successfully be used for pedi-
gree reconstruction in polycross families. However, fur-
ther research is required to test this approach in OP
families.

The decision to move towards an OP strategy was
based on a few main assumptions. First, it was assumed
that parental reconstruction for forward selection would
be sufficiently developed by the end of this testing cycle.
It was also assumed that some increase in inbreeding
would be acceptable in the MP, particularly if it was
assumed that the current low status numbers in the
sublines (29.3 and 32.9) (JEFFERSON, 2005), would be
boosted significantly by the infusion of more land race
selections from the 885 and 888 series. It was also
assumed that before a new testing cycle was begun, sim-
ulation work would have been undertaken. Specifically,
simulations are needed to determine the effects of
inbreeding, the gains possible and the advantages and
disadvantages of an OP versus a polycross or CP
approach. Further motivation for the move to an OP
strategy in the MP was the reduction of costs incurred
up-front in controlled-crossing programs, a high priority
for the industry-led breeding company. Future testing
cycles may adopt any one the crossing strategies,
depending on the outcomes of this research.

If parental reconstruction techniques are not success-
ful, one alternative approach is to estimate group
coancestry and accept some additional inbreeding, at
least within sublines. For example, ROSSVALL et al.
(1998) identified in their breeding strategy simulation
using double-pair mating over 10 generations, that as
long as each population contained at least 24 individu-
als, increases in group coancestry, inbreeding and
inbreeding depression and the loss in additive gain did
not appear to have an effect on the accumulation of gain
per generation. However, status number did reduce from
48 to 8.1. RossvALL and MULLIN (2003) reported that
positive assortative mating using 48 trees crossed to

Subline 2

(White)

WHITE
250 OP + CP
5 6 l 7 8
c
il v
® 20 reps 20 reps 20 reps 20 reps
=3 * 250 * 250 * 250 * 250
Q
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c 5000 5000 5000 5000
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- Elite White
2 14,400 trees
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o 2 clones + 24 parents
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Figure 2. — Schematic diagram showing the RPBC Main and Elite breeding popula-

tions.
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Table 1. — Provisional list of seed sources for the RPBC Main breeding population

testing.

Seed sources % Number of parents

Open pollinated RPBC forward selections 40 200
NSW 7 35
Australian seed sources 10 50
Best native population selections 2 10

Control pollinated Old strategy control-pollinated seed* 20 100
Orchard managers 13 65
NSW 3 15
Australian seed sources 5 25
Total 100 500

* Seed from the JAYAWICKRAMA and CARSON (2000) strategy that has not been used in

previous trials.

produce 24 full-sib families with clonal selection was
optimal when compared with random mating. They also
noted that any effect of inbreeding was eliminated by
genetic recombination in the seed orchard. Perhaps a
combination of double-pair mating with positive assorta-
tive mating and coancestry restrictions would be a good
alternative. Maintaining sublines for the elimination of
inbreeding in the seed orchards would also make sense.
Further simulations will be undertaken to test alterna-
tives as the strategy progresses.

Infusions into the MP from the Gene Resource Popula-
tion will involve identifying the best 10 native popula-
tion selections. These will be tested as progeny as part
of the OP progeny from the 500 selections in the breed-
ing population trials. Infusions of Gene Resource mater-
ial will continue in the same way in subsequent genera-
tions.

Testing the Main population

The MP will be tested in eight field trials, four trials
for each superline, designed to connect the different
selection series previously not tested together (JAYAWICK-
RAMA and CARSON, 2000) and evaluate new forward
selections across a range of sites. The number of sites is
larger than the current standard of three, mainly due to
the industry’s requirement that the tests to be repre-
sented across a larger number of environments. CARSON
(1991) indicated genotype x environment interaction
was insufficient to warrant regionalised breeding pro-
grams within NZ, although this interaction has been
found to be statistically significant in a number of stud-

ies (BURDON, 1971; CARSON, 1991; BURDON et al., 1997).
Now New South Wales (NSW) is part of the RPBC fur-
ther details of interactions with NSW and even within
NSW are required (e.g. KUMAR et al., 2004b). Several
studies are currently underway to determine the geno-
type x environment interaction within NSW and
between NSW and NZ (M. HENSON pers. comm.).

Ideally, superlines should be planted geographically
distant from each other in order to keep them genetical-
ly distinct, and avoid pollen contamination between
superlines. This will enable the continuation of an OP
breeding strategy in the next generation.

The number of female parents to be tested is targeted
at 500, or 250 per subline. The number of individuals
per site per family will be 20, with a total of 80 across
all four sites (Table 2). The field design will be based on
an incomplete block design, using single-tree plots. The
change from sets-in-replicates to an incomplete block
design follows research that has shown the superior effi-
ciencies of these designs, particularly alpha designs,
over more traditional field designs (WILLIAMS et al.,
2002; YONG-B1 Fu et al., 1998).

Elite Population EP

Rather than a few distinct breeds in distinct popula-
tions as proposed by JAYAWICKRAMA and CARSON (2000),
the new strategy will have only one EP, consisting of
50% clones and 50% seedlings from CP crosses. The
population will managed intensively and follow a
‘rolling front’ approach, with trials going to the field
every second year, adapted from the ‘rolling front’ strate-

Table 2. — Size and composition of genetics trials of the Main population.

Seedlings/

Parents Seedlings/  Trees/ I1rees-
Sites  tested Family/site paiy (all sites) site (all sites)
Main Population 8 500 20 80 5,000 40,000
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gy outlined by BORRALHO and DUTKOWSKI (1998). This
‘rolling front’ approach implies that every year there will
be crosses, testing and selection activities, rather than a
single discrete generation. This approach was selected
to both balance the work program and increase the
delivery of gain per annum.

The two superlines present in the MP will be main-
tained in the EP. These will be defined as the Red
and White Elite sublines and comprise a minimum of
24 select parents per subline (Figure 2). Within each
subline 24 parents will be used to create the cloned
progeny, and 24 parents used to create the seedling
progeny. There will be some overlap of parents between
the clone and seedling populations. The final number
and arrangement of parents will depend on what is
available and flowering amongst the highest ranking
candidates.

The adoption of cloning in the EP is an attempt to cap-
ture the maximum gain from forward selections in these
breeds, as recommended by SHELBOURNE et al. (2007).
The use of seedling progeny will enable the greatest
gains to be captured for traits of higher heritability (i.e.,
more individuals per family and more families will be
tested). The clones, on the other hand, will enable better
prediction of genetic worth for the traits with lower heri-
tabilities (e.g. growth, form). The presence of the clones
will also allow for some destructive testing, along with
providing an opportunity to better understand clone x
environment interaction.

In addition to the sublines, there will be a small
number of pre-deployment Elites created from the best
parents in each superline, selected from previous Elite
testing. These crosses will be largely opportunistic and
vary in number, but are expected to produce about 10
families. The production of progeny in this pre-deploy-
ment population is aimed at providing connectedness
between the sublines and to provide consortium mem-
bers with screened genotypes with the potential for com-
mercial deployment or for use in commercial orchards,
or as commercial clonal varieties.

For the first round of crossing in the EPs, genetic
analyses will identify the top parents using a selection
index. These parents will be mated in circular, incom-
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plete factorial designs, to produce 14,400 trees for test-
ing every second year. Individual-trait thresholds to
meet the requirements of being an ‘Elite’ parent are yet
to be developed. Mate selection criteria also need to be
developed to optimise genetic gain. The build up of
relatedness in the rolling front strategy adopted for the
EP may make mate selection for progeny testing more
difficult as the rolling front advances.

Rolling front strategies have been adopted for radiata
pine breeding in the Southern Tree Breeding Association
(STBA) (BORRALHO and DUTKOWSKI, 1998; POWELL et al.,
2004; 2005). One of the most important aspects of this
type of strategy is to maintain connectedness between
the different tests, or breeding values will be biased (e.g.
see MARK and MASDEN, 2002). Between a 10 and 20%
connectedness has been the aim in forestry, based large-
ly on experience from animal breeding studies (e.g.
KUEHN, 2005; HANOCQ et al., 1996; LALOE et al., 1996;
MATHUR et al., 2002). This means that about 20 % of full-
sib families, seedlots, parents, or families with related-
ness must be common across all EP trials. However, this
does not imply that all of the ‘20%’ connecting material
must be the same across all tests. A review of rolling
front strategies and maintaining efficient connectedness
is needed to ensure that the best of these strategies will
be successfully adapted to the RPBC situation.

Testing the Elite Population

For each set of Elite families produced from the 48
parents (24 parents per superline), 20 clones per family
and 2 ramets per clone will be tested across 5 sites
(equivalent to 9,600 plants). For another 48 families, 20
seedlings/family/site over 5 sites will be tested (equiva-
lent to 4,800 plants). The total number of plants
required to plant 5 sites would then be 14.400.

The EP will be tested across five sites, 50% as
seedlings and 50% as clones. The composition of Elite
trials will be as follows (see also Table 3):

1. Seedlings: 48 families, with 20 progeny per family
tested over five sites, giving a total of 4,800 trees. The
seedling tests are aimed at capturing gain through
forward selection, in traits with high heritability such
as wood quality variables.

Table 3. — Size and composition of genetics trials of the Elite population. Note: the
pre-deployment crosses are 100 % clonally replicated.

Clones or

seedlings/ Ramets/ Trees/ Trees —

Sites Families Family Clone Site all sites
Elite clones
(Red and White superlines) 5 48 20 2 1920 9,600
Elite seedling
(Red and White superlines) 5 48 20 1 960 4,800
Elite pre-deployment crosses 5 10 20 2 400 2,000
Total plants 3,280 16,400
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Table 4. — Advantages and disadvantages of various propagation systems.

Elongated fascicle

Propagation system

Organogenesis  Organogenesis

Embryogenesis

cuttings (axillary) (cryo’d cots*)

Multiplication rate Moderate High High High
Efficiency of Genotype Capture High Moderate-high Moderate-high Low and variable
Cost Low Moderate Moderate High

Hedging Yes

Cool storage Yes
Storage options

Cryo-preservation Yes (?) Yes Yes

* cryopreserved cotyledons.

2. Clones: 48 families, with 20 clones per family, with 10
ramets per clone tested across 5 sites (2 ramets per
site per clone) giving a total of 9,600 trees. The clones
are aimed a capturing gain in traits with low heri-
tability.

3. Pre-deployment crosses will also be created by crosses
between the ‘White’ and ‘Red’ sublines. This popula-
tion will be 100% cloned and will test about 10 fami-
lies, 20 clones per family and 2 ramets per clone test-
ed at each site, giving a total 2,000 trees across all
sites.

Trials will be based on an incomplete block design,
with two resolvable reps and 24 incomplete blocks per
resolvable replicate. It is intended that the clones and
seedlings will be tested together. At the family level, a
randomised complete block design will be used, and at
the clone-within-family level an incomplete block design
within each replicate will be used. Trials are scheduled
to go out every other year. It may be more practical,
however, to put out trials every year, focusing on a sepa-
rate subline and/or breeding objective each time.

Selection of the five testing sites must represent the
main areas of deployment. This would need to include at
least two sites in the North Island of New Zealand, at
least one South Island of New Zealand and a site in Aus-
tralia. At least one site in the central North Island of
New Zealand is recommended, because this area has
previously proven to be ideal for maximising gains
across NZ sites (CARSON, 1990).

Deployment

The optimal deployment option for maximising gain
per unit time for this strategy would be through deploy-
ing tested EP clones as commercial clonal varieties. A
next-best option is the conversion of an EP clonal test
into a clonal seed orchard after rogueing (SHELBOURNE et
al., 2007). However, the mandate of the RPBC does not
include deployment. Individual member organisations
or companies in the RPBC are expected to adopt a num-
ber of different approaches according to their individual
needs. Some of the likely options are:

* Planting of an additional EP test for rogueing and con-
version to a clonal seed orchard according to the
requirements of the individual consortium member.
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Seed can be used directly from this orchard for produc-
tion of seedlings with high ratings for deployment.

® Selection of clones and individuals with the best com-
bination of traits suited to the individual needs of the
members. Clonal testing of these selections or of
clones from the same families across the company’s
estate, followed by targeted deployment of the best
material. Maintenance of juvenility in the selections is
required whilst they are tested.

e Creation of highly-rated CP seed selected to suit the

requirements of the members, with bulking up of this

material through clonal propagation. Deployment of

clones using family forestry.

Creation of mid-rated CP seed selected to suit the

requirements of the member company. Deployment

through seedlings.

Gene Resource Population GRP

The Gene Resource Population will be managed to
ensure maintenance of genetic diversity. Several options
for turning the rotation-aged populations over were put
forward by STOVOLD et al. (2004). The recommended
option involved collecting OP seed and advancing the
genetic material in a pair of 20 ha plots per provenance,
to be cycled every 30 years.

The option of using OP seed for advancement is simple
and relatively inexpensive (STOVOLD et al., 2004). How-
ever, the amount of pollen contamination is unknown.
Research is needed to support finding ‘private’ alleles
from each of the native provenances in order to deter-
mine how important and large the pollen contamination
issue will be for the maintenance of genetic diversity

New technologies

Although research is underway in New Zealand using
molecular technologies in P. radiata (BALL, 2001; KUMAR
and RICHARDSON, 2005; KUMAR et al., 2000, WILCOX et al.,
1997; WILCOX et al., 2007), molecular technologies such
as marker aided selection or gene assisted selection
have not been targeted for use in this breeding strategy
apart from their use in pedigree reconstruction. Pedi-
gree reconstruction (parental analysis) is a technology
that is already in use in some breeding programmes
(RIBEIRO et al., 1998) and will be a vital tool for control-
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ling inbreeding in the MP discussed here. In addition,
linkage disequilibrium (LD) is likely to give some impor-
tant genetic information on inheritance that is not avail-
able in a traditional breeding programme (KUMAR et al.,
2004a). Molecular genetics research is moving forward
with new applications even for population genetics of
natural populations (e.g. BLouIN, 2003). Linking these
ideas and methods from molecular biology with quanti-
tative breeding methods will be imperative to progress
the radiata pine breeding programme into the future.

Conclusions

A new breeding strategy for radiata pine has been
developed for the Radiata Pine Breeding Company. The
strategy has attempted to take a significant step for-
ward, and has adapted the structures from the old strat-
egy in order to capture more gain and turn over genera-
tions. New concepts include the use of cloning in the
Elite, and the OP MP with pedigree reconstruction. The
strategy revision has highlighted some key research
areas and specific research topics. The need for a struc-
tured, well-managed and accessible database accompa-
nied with more regular estimation of breeding values for
breeding purposes was also highlighted. This review will
allow the RPBC to move forward, and in conjunction
with research, achieve gains that will bring a high eco-
nomic return to shareholders.

A strategy of this kind will not be optimal for all
species and all circumstances. Any adaptation of this
strategy to other species and other growing regions will
require careful evaluation. The strategy presented here
is based on a consensus between science and the needs
of industry shareholders in the breeding company. The
strategy is therefore optimised to meet its obligations to
both shareholders and science.
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