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Abstract

The Southern Tree Breeding Association Inc. (STBA), con-
sisting of 20 private companies and government agencies work-
ing cooperatively to breed improved varieties of radiata pine
(Pinus radiata) for Australia, has adopted the concept of a
nucleus breeding strategy entailing a total breeding population
of 300 selections subdivided into two components: a nucleus
population (which receives more emphasis in terms of breeding
and testing and consists of the best 10% or so of the popula-
tion) and a main population consisting of the remainder of the
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breeding population. This paper describes and compares three
different plans for operational implementation of a nucleus
breeding strategy by the STBA. The first option (Option 1) is
the simplest entailing open-pollinated management of the
main population and unified nucleus and main populations.
The second two plans (Options 2a and 2b) employ complemen-
tary mating designs with pollen-mix management of the main
population and a breeding population (consisting of the main
and nucleus populations) that is further sub-divided into three
unrelated lines. These lines serve as unrelated breeding groups
to manage inbreeding in the deployment population. Options
2a and 2b differ only in the use of seedlings (Option 2a) or root-
ed cuttings (Option 2b) in unreplicated full-sib family plots used
for within-family selection. The three options are compared in
terms of costs, logistics, and detailed genetic gains predictions.
In general, costs are similar for all three options and relatively
small when compared with the overall STBA budget. Similarly,
all three options are logistically feasible given the staffing and
resources of the STBA. Thus, comparison of genetic gains
represents the most meaningful criterion for deciding among
the three options and in this regard, both Options 2a and 2b
are clearly superior to Option 1. This is largely due to the
pollen-mix management of the main population and the use of
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well-replicated progeny tests to estimate GCA. The use of
rooted cuttings in Option 2b adds significantly to the length of
the cycle (from 12 to 14 years), but also results in more genetic
gain per breeding cycle. An Appendix providing additional
details of assumptions and calculations is available from the
authors.

Key words: breeding strategy, genetic gain, radiata pine, costs and bene-
fits, nucleus breeding.

Introduction

Interest in advanced-generation breeding for forest trees has
been increasing in recent years as breeding programs approach
second and third generations of breeding. A number of plans
have been proposed (e.g., SHELBOURNE, 1969; TALBERT, 1979;
VAN BUIJTENEN and LOWE, 1979; BURDON and NAMKOONG, 1983;
MATHESON and BROWN, 1983; NAMKOONG et al., 1980; SKRØPPA,
1982; COTTERILL, 1984; SHELBOURNE et al., 1986; WHITE et al.,
1993), many dealing with mating designs or population struc-
ture rather than the details of the plan itself. A number of
plans have been proposed for breeding radiata pine in different
parts of Australia (BUTCHER, 1985; ELDRIDGE, 1987; PEDERICK,
1987; COTTERILL and CAMERON, 1989; JOHNSON, 1989, 1990).
Genetic gain calculations as a basis for comparison are few
(COTTERILL, 1986), because gains themselves depend on the
almost infinitely variable details of the strategy.

COTTERILL (1986) compared gains from ten breeding plans as
applied to P. radiata and found that simpler schemes with
shorter cycle times tended to produce greater gains per decade
than more complex ones with longer cycle times that produce
more gain per generation. In particular, single-pair mating
with combined index selection produced more gain per decade
than half-diallel mating with combined index selection. In a
later paper COTTERILL et al. (1988) introduced the concept of
nucleus breeding to forestry. The essence of this scheme,
originally used in sheep breeding (JAMES, 1977, 1978; HOPKINS,
1978), is that most effort is expended on the most promising
genetic material (the nucleus population) and less effort is
expended on less promising genetic material (the main popu-
lation). In addition to allocating effort appropriately, nucleus
breeding provides early profitability for the breeding program
via the fast-moving nucleus.

The Southern Tree Breeding Association (STBA) consists of
20 private companies and government agencies working co-
operatively to breed radiata pine for Australia. COTTERILL

(1984) described early plans for breeding radiata pine in South
Australia, and these formed the basis of STBA plans. In 1989,
STBA adopted the concept of a nucleus breeding strategy for
radiata pine and determined that the breeding population is to
consist of approximately 300 members including the nucleus
and main populations. Important features (see COTTERILL and
CAMERON, 1989) aimed at maximizing genetic gain per unit
time are: (1) a small nucleus (containing 10% or so of the total
members of the breeding population) receiving most emphasis
in the program, (2) a main population receiving less emphasis,
(3) use of index selection, (4) two-way transfer of material be-
tween nucleus and main populations, and (5) assortative, com-
plementary and best-mate mating of nucleus members.

While a nucleus strategy was endorsed in concept in 1989,
the STBA had yet to adopt a breeding plan detailing how a
nucleus strategy would be implemented on an operational
basis. To ensure that all efforts of the next cycle of improve-
ment are maximally efficient, the STBA needed to develop and
adopt a complete working plan for the radiata pine breeding
program that describes the nature, timing and costs of all breed-
ing and testing efforts. 

This paper describes and compares three different plans
(options) for operational implementation of a nucleus breeding
strategy by the STBA. The first is the simplest implementation
of the COTTERILL et al. (1988) strategy and the other two are
similar modifications of it. The three options are compared in
terms of logistics, general features and detailed genetic gains
predictions. So that these comparisons would be valid, it was
necessary for us to specify completely all details for one com-
plete cycle of breeding and testing. We believe it is undesirable
to make firm plans more than one cycle into the future because
of changing technologies and markets (cf. KANG, 1979); how-
ever, if desirable, each of the plans described herein could be
repeated for many cycles as a breeding plan based on recurrent
selection for general combining ability.

Description of Breeding Plan Options

The starting point for developing breeding plan options was
the nucleus strategy outlined by COTTERILL et al. (1988) and
COTTERILL and CAMERON (1989) and described below as Option
1. Due to the value of simplicity (COTTERILL, 1986), no modifica-
tion to this strategy was seriously considered if it either signifi-
cantly increased the generation interval (by greater than two
years over Option 1) or if it appreciably increased either costs
or logistical complications. After detailed comparisons of costs
and logistics and rudimentary calculations of genetic gains
(WHITE et al., 1992a) and discarding many alternative options,
we settled on two alternative options plus the original option
for comparison (the original plan, labeled Option 1, and
Options 2a and 2b).

Option 1: Single Main Population Managed by Open Pollina-
tion; Single Nucleus.

This option follows the original ideas for nucleus breeding
outlined by COTTERILL and CAMERON (1989) and elsewhere
(COTTERILL et al. 1988; COTTERILL, 1989). General features are:
(1) A single nucleus and a single main population so that inter-
mating is permitted among all members within each popula-
tion (i.e., there are no substructures such as sublines or multi-
ple populations), (2) The nucleus population is maintained by
controlled pollination and (3) The main population is maintain-
ed by open-pollination with 50% thinning from below in the
open-pollinated progeny tests at age 4.5 years.

Nucleus Population

The nucleus population in Option 1 contains 30 members (i.e.,
parents) intermated to create 130 control-pollinated (CP) fami-
lies (Figure 1). Best-mate indices (COTTERILL and DEAN, 1990)
and complementary mating (COTTERILL and CAMERON, 1989)
are used to choose the crossing pattern among all 30 members.
There is no restriction on the crossing pattern except that cross-
es among relatives are avoided to preclude inbred progeny.

The 130 CP families are planted in well-designed trials with
20 individuals per family planted on each of 5 trial locations
giving a total of 13,000 progeny. The trials perform seven func-
tions: (1) rank the 30 nucleus members for general combining
ability (GCA), (2) rank the 130 CP families for operational
deployment, (3) estimate genetic parameters needed for selec-
tion index development, (4) select 22 or 23 individuals (using
combined index selection) to form 75% of the next generation’s
(i.e., generation n+1) nucleus population (the other 25% comes
from the main population), (5) select 30 individuals to form
10% of the n+1 generation’s main population, (6) mate together
the 22 or 23 next generation nucleus selections (used as both
male and female parents) and (7) collect OP cones from the 30
n+1 generation main population selections for the following
generation progeny trials. Matings among relatives that would
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enhance gains from functions 4 and 5 above are generally
avoided because the resulting inbreeding depression would
impair functions 1, 2 and 3.

The entire cycle requires 12 years to complete (see Table 1
for details) assuming: (1) two years to complete crossing in the
previous generation’s progeny tests (i.e., no clone banks), (2)
two years for cone development, (3) one year to grow the seed-
lings in the nursery and (4) 6.5 years for the tests to reach
selection age. The next cycle would begin in the following year
(cycle year 13) with crossing in the progeny tests on the next
generation selections.

Main Population

The main population in Option 1 contains 300 members (i.e.,
parents) each generation, maintained by collecting open-
pollinated (OP) seed from each of 300 selections (Figure 1). The
300 families are planted in three progeny test locations with an
average of 33.3 individuals per family at each location giving a
total of 30,000 progeny. The six functions of these trials are: (1)
rank the 300 members of the main population for GCA, (2) esti-
mate genetic parameters needed for selection index develop-

ment, (3) select 7 or 8 individuals to form 25% of the n+1 gen-
eration nucleus population, (4) select 270 individuals to form
90% of the n+1 generation main population, (5) mate together
the 7 or 8 n+1 generation nucleus selections and (6) collect OP
cones from the 270 n+1 generation main population selections
for the next cycle of progeny tests.

The 30,000 progeny in trials are thinned from below to
15,000 progeny (i.e. a 50% thinning) to enhance the genetic
quality of the pollen cloud. It is assumed, for the purposes of
estimating costs, that this does not require an extra formal
measurement at age 4.5 years.

It is possible to complete a cycle of breeding and testing in 9
years for the main population. However, the cycle length for
the nucleus is 12 years and it is not clear how to manage nucle-
us and main populations not in synchrony because of the two
way gene flow each generation (Figure 1). So the length of the
main population cycle is also assumed to be 12 years. Thinning,
assessment and selection could be carried out two years later
with consequent improvements in precision and genetic gain
from older tests, and greater assurance of open-pollinated
cones on all selected trees.

Figure 1. – General features of Option 1: Unified main and nucleus populations with open-pollinated
management of main population. CP = control pollinated; PM = pollen mix; OP = open pollinated.
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Option 2: Co-structured Nucleus and Main Populations; Poly-
mix Managed Main 

Options 2a and 2b both employ co-structured nucleus and
main populations (Figure 2), are identical for the main popula-
tion, and differ for only one feature for the nucleus population
(described below). General features of both 2a and 2b are: (1)
use of three different selection indices to create three different
lines or varieties, MP (multi-purpose), DG (wood density and
growth) and GP (growth and resistance to Phytophthora), (2) a
nucleus of 40 members divided into three unrelated subdivi-
sions (“MP”, “DG” and “GP”), (3) a co-structured main popula-
tion subdivided into the same three lines as the nucleus, (4)
two-way gene flow between nucleus and main populations
within a line, (5) no gene transfer between different lines
except for developing material for deployment to operational
plantations, (6) forced inbreeding to increase gains in the
nucleus, (7) polymix management of the main population, (8)
use of unreplicated family block plots called selection and
breeding facilities, SBFs, that are used both for within-family
selection and breeding and therefore obviate the need for
breeding clone banks.

Nucleus Population

The MP nucleus contains twice as many parents (20) as the
other two lines, because there are twice as many traits being
bred (growth, stem straightness, branch quality and Dothistro-
ma-resistance). The nucleus populations for the DG and GP
lines have 10 parents each. 

There are three types of crosses made as part of nucleus
breeding each generation (Figure 2): 50 control-pollinated (CP)
crosses among members between lines to determine which are
best for operational deployment (called deployment crosses and
not shown in Figure 2), 100 CP crosses made among members

of the same line for making next-generation selections (called
SBF crosses because they are to be carried out in selection and
breeding facilities), and 40 polymix (PM) crosses for estimating
GCA of the 40 nucleus members. These three types of crosses
have quite different objectives and hence different mating and
trial designs described below. However, the overall philosophy
is similar to reciprocal recurrent selection or line breeding used
for agricultural crops (ALLARD, 1960). The additive genetic
value of each line is improved by within-line breeding, while
between-line crosses (deployment crosses) are made for opera-
tional deployment.

The 50 deployment CP crosses and 40 PM crosses, combined
with up to 10 controls (i.e. 100 families), are planted in well-
designed trials (hereafter called GCA tests) on 10 locations
with 20 seedlings per family at each location giving 2,000 seed-
lings per location. The five objectives of these trials are: (1)
rank the 50 deployment crosses for operational deployment in
that generation, (2) rank the 40 members of the nucleus for
GCA, (3) estimate genetic parameters from the 40 PM crosses
for use in the family portion of selection indices, (4) determine
the importance of specific combining ability (SCA) in between-
line combining ability by examining whether mid-parent
values of the 40 nucleus members (based on GCAs) accurately
rank the 50 deployment crosses, (5) make selections within the
40 PM crosses for the next generation main and/or nucleus
populations.

In both Options 2a and 2b, the 100 CP crosses planted in
SBFs are made by crossing among members within each nucleus
line and consist of both outcrosses and related matings. In
Option 2a, offspring are planted in large unreplicated blocks of
120 seedlings of each family or could be planted in 2 blocks of
60 seedlings per family separated by some distance as insurance
against catastrophic loss. In Option 2b, offspring are propagat-

Table 1. – Timing and activities for the 12-year cycle of Option 1 characterized by a single nucleus
population and a single main population maintained by open-pollination (see Figure 1).

a) Measurement and selection in main tests could be delayed to cycle years 11 or 12.
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ed vegetatively so that the SBFs are formed from 4 rooted cut-
tings of each of 30 seedlings per family laid out as family
blocks. This is the only difference between Options 2a and 2b. 

Both Options 2a and 2b call for 100 CP family plots x 120
individuals per plot giving a total of 12,000 trees. The five
objectives of the SBFs are: (1) select 30 individuals (out of
12,000) to form 75% of the next generation’s nucleus pop-
ulation, (2) select 40 individuals to form 13% of the next
generation’s 300-member main population, (3) mate together
the 30 n+1 generation nucleus population selections, (4) mate
together the 40 n+1 generation main population selections and
(5) estimate genetic parameters for the within-family portion of
the selection index.

Timing of events and details of activities are shown in table
2. Use of rooted cuttings adds an extra 2 years to the cycle
length (14 years vs 12 years). 

Main Population

Options 2a and 2b are identical for the main population
which contains 300 members as in Option 1. The main popula-
tion is subdivided into the same three lines as is the nucleus
(i.e. MP, DG and GP). Relatives may exist in main and nucleus
populations within a line, but not between lines. The MP main
line has twice as many members (150) as the other two lines
for the same reason as the corresponding nucleus populations
(i.e. more traits in MP).

The main population is managed by controlled pollinations
using three pollen mixes, each mix composed of pollen from all
members within a line. The amount of pollen from each male
parent in the mix is affected by availability of pollen, the
availability of male strobili and the member’s breeding value
(LINDGREN, 1986; LINDGREN and MATHESON, 1986). Members not
producing female strobili will contribute more pollen because

Figure 2. – General features of Options 2a and 2b: Three co-structured main and nucleus population
lines with selection and breeding facilities (SBFs) for both nucleus and main and pollen-mix manage-
ment of the main. CP = control pollinated; PM = pollen mix; SBF = unreplicated family blocks to be
used to make within-family selection and subsequent breeding. Note 50 deployment crosses planted in
the nucleus PM tests are not shown (at 200 trees per family, this means 10,000 more trees planted in
the nucleus PM tests); they do not contribute to the gains calculations, but were included in cost
estimates.
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pollen is the only way they become part of the breeding popula-
tion. 

Twice as many polymix (PM) families are created in the MP
line compared with the other two lines such that 80 of the
better members (i.e. higher ranking) from the 150 in the MP
line are used as females to form 80 PM families and 40 PM
families are formed similarly in each of the other two lines.
Choice of females in the formation of PM families is based on
high breeding value, presence of female strobili and acceptably
few relatives in the nucleus and female group of that line.

These 160 PM families are planted in two complementary
test designs. First, 20 seedlings from each family are planted in
randomized, replicated designs at each of 5 locations giving
3,200 seedlings per location and a total of 16,000 seedlings in
replicated trials. The five functions of these replicated trials
are: (1) rank the members of each line for GCA, (2) estimate
genetic parameters for the family portion of the selection index

used in the main population, (3) make a portion of the selec-
tions for the next generation’s main population, (4) collect pol-
len to form the next generation’s pollen mixes for the main
population, and (5) mate together selections (if convenient).

The second portion of PM seed from each of the 160 PM
families is used to establish a single plot of 50 seedlings for
each family (or 2 separated plots of 25 trees each to protect
against catastrophic loss). These must be conveniently situated
for breeding. These 160 plots are the SBFs and have five func-
tions: (1) make the remainder of the selections for the next
generation’s main population, (2) make 10 selections to form
25% of the next generation’s nucleus population, (3) collect
pollen for the next generation’s pollen mixes for the main popu-
lation, (4) conduct PM mating on those selections chosen as
females to form the next generation’s main population, and (5)
conduct mating to form PM and CP crosses on the 10 selections
moved up to the next generation’s nucleus.

Table 2. – Timing of activities for the 12-year cycle of Option 2a and the 14-year cycle of Option 2b
(see Figure 2). Main population activities are identical for both options, nucleus activities apply to
both options unless noted.

a) Applies to Option 2a only. b) Applies to Option 2b only.
c) Nucleus GCA tests are the same for Options 2a and 2b: 10 locations with 100 families 

(50 CP families for deployment, 40 PM families for GCA testing of the 40 nucleus parents and 
10 controls). Main  GCA tests consist of 160 PM families on each of 5 locations.

d) Each SBF of Option 2b contains 120 plants from a single CP family: 4 ramets from each of 30
seedlings.
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Within-family selections are made both in SBFs and in the
replicated progeny trials. However, logistics will probably
determine that most of the 160 selections to be used as females
for the main PM families will come from the SBFs. Pollen may
come with equal ease from either trial type. The cycle length
for the main population of Options 2a and 2b is 12 years
(Tables 2 and 3), but could be extended to 14 to retain
synchrony with Option 2b.

Methods of Comparing the Breeding Plan Options

Genetic gains, logistics and costs were assessed for each of
the several options originally considered. Genetic gain calcula-
tions were made along similar lines to COTTERILL and CAMERON

(1989) using the gain estimation formula of NEWTON TURNER

and YOUNG (1969) and COTTERILL (1986):

Each generation, gain in the nucleus (GN) derives partly
from selections from the previous generation’s nucleus and
partly from selection in the main population (moved up to the
nucleus and hereafter called an “admixture” to the nucleus).
Similarly, gain in the main population (GM) is partly derived
from selection in the main population itself and partly from
selection in the nucleus moved down to the main. These effects
of two way gene flow were accounted for using the approach of
COTTERILL and CAMERON (1989):

GN = (1-x)GNN + xGNM – xZ     (2)

GM = (1-y)GMM + yGMN + yZ     

where GNN is gain in the nucleus from selections made in
the nucleus,

GNM is gain in the nucleus from selections made in
the main,

GMM is gain in the main from selections made in the
main, 

GMN is gain in the main from selections made in the
nucleus.

x is the proportion of nucleus parents derived from
the main,

y is the proportion of main parents derived from the
nucleus, and

Z is the difference in mean breeding values between
nucleus and main.

For making gain calculations, the only trait considered was
basal area with the following assumptions (COTTERILL and
DEAN, 1990): individual-tree heritability (h2) is 0.2 with a
phenotypic standard deviation (σP) of 50 cm2; and the original
mean of the entire breeding population is 170 cm2 which is a

a) GMM = gain from selections made in the main and used there; GMN = gain from selections made in the nucleus and moved to
the main;  GNN = gain from selections made in the nucleus and used there; GNM = gain from selections made in the main and
moved to the nucleus.
b) Genetic gain values for the nucleus population (GN) and main population (GM) are expressed as a percentage above the mean
starting value of 170 cm2.
c) The advantage values are the mean breeding values in either the main or nucleus populations after one generation of breed-
ing expressed as a percentage above the starting value of 170 cm2. These advantage values reflect the genetic gain (see foot-
note b above) added to the initial starting breeding value of the main (167.4) or nucleus (193.4).
d) Present value.

Table 3. – Genetic gain components, genetic gains, and costs from three options for nucleus breeding of radiata pine in
Australia. Option 1 has 1 line and seedlings; Option 2a has 3 lines and seedlings, Option 2b has 3 lines and cuttings.

where J=[(1-M)/(1-N) + M(M-N)/(N(1-N))]1/2

M=[1+(q-1)r]/q 

N=[1+(q-1)rh2]/q

and

q = family size used to calculate family
heritability,

r = average genetic correlation among
family members,

h2 = heritability on an individual tree basis,

i = standardized selection intensity and

σP = phenotypic standard deviation on a tree
basis.
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weighted average of the 10% of the population in the nucleus
(with mean = 193.4 cm2) and 90% of the breeding population in
the main (with mean = 167.4 cm2): 170 = 0.1*193.4 + 0.9*167.4.
With these assumptions, the starting difference in mean breed-
ing value between the nucleus and main populations is Z =
26 cm2. All calculations were conducted in the units of measure
(cm2) and converted to percentages at the final step.

While this approach to estimating genetic gains is convenient
for purposes of calculation, it was not possible to account for all
aspects of the options. Thus, specific simplifying assumptions
were made to allow use of this approach. These assumptions
are described generally here and detailed in an Appendix
(available from the authors). Calculations for Option 1 assume
no foreign pollen contamination of main OP progeny trials by
pollen of below average breeding value. The thinning at age 4.5
is assumed to have equal heritability as at age 6.5 (even
though the tests are younger and not actually measured before
thinning). Further the genetic correlation between age 4.5 and
6.5 is assumed to be 1.0. Finally, the thinning is assumed not to
affect the precision of the family means calculated at age 6.5
(i.e., family means calculated at age 6.5 based on 50% of the
trees have the same precision as family means calculated from
all trees). Thus, this method is likely to overestimate genetic
gains for Option 1.

There are several aspects of Options 2a and 2b which could
not easily be incorporated into the formulae. Each of these
would increase genetic gains from Option 2, but are ignored in
the calculations. Thus, estimated gains for Option 2 are conser-
vative, because no allowance in the gains calculations was
made for: 1) known deployment of outcrosses by intermating
between lines in Option 2 compared to possible deployment of
inbreds from the single unified nucleus of Option 1; 2) within-
family selection from a single uniform plot (family blocks with-
in SBFs); 3) increased selection intensity by selecting some
female parents from outside the SBFs (such as in the GCA
tests with PM crosses); 4) testing families as cuttings rather
than as seedlings (Option 2b would enhance gain for a program
deploying cuttings); 5) optimizing the genetic value of the
pollen mix by inclusion of greater quantities of pollen from
parents with higher breeding values (LINDGREN and MATHESON,
1986); 6) use of forced inbreeding to rid the population of nega-
tive deleterious alleles (STRICKBERGER, 1968; LINDGREN and
GREGORIUS, 1976; HALLAUER and MIRANDA, 1981; VAN VLECK et
al., 1987; NAMKOONG et al., 1989); and 7) additional gains from
using three different selection indices (for the MP, DG, GP
lines) in a multi-trait breeding program (NAMKOONG, 1976;
NAMKOONG et al., 1989, pp. 72, 97).

Costs and logistics for each option were assessed by charting
the exact yearly activities (Tables 1 and 2). At each step, opera-
tional realities were considered. For example, for all seedling
plantings, it was assumed that twice the amount of seed would
need to be sown to yield the desired number of plantable seed-
lings. For rooted cuttings, it was assumed that 10 cuttings had
to be set to yield four plantable cuttings. Similar levels of
buffering were assumed for each activity in order, as much as
possible, to simulate the actual costs of implementing these
strategies. Logistics were then determined by assessing the
yearly workload in light of the staffing and resources of the
STBA.

The costs included in the economic analyses were those
representative of incremental or variable costs associated with
each of the different options. These costs included travel, labor,
supplies and equipment for all of the breeding and testing
activities: seedling production, planting of tests, weed control
at year 1, pruning of trees prior to each assessment, measure-

ment costs, thinning (Option 1), and all breeding and seed pro-
cessing costs. Costs such as for land, site preparation, salaries
of the main STBA staff and overhead were not included in the
analyses but rather considered as constant costs that would be
incurred for any breeding plan. Thus, this is not a complete
economic analysis, but rather a comparison of the marginal
costs associated with the different options.

After the costs of each activity were estimated, these were
aggregated for the period of the cycle length in two different
ways. First, the costs of each option were summed on a nomi-
nal basis (simply summing the costs for each activity for the
period). Second, the present value of all costs was calculated by
first discounting all costs to 1991 using a 5% real interest rate
and then summing the discounted costs. Care must be exercis-
ed when comparing options spanning different lengths of time
(12 years for Options 1 and 2a, 14 years for Option 2b). The
STBA could begin another cycle of breeding and testing 2 years
earlier for the shorter options, but it is impossible to predict
the exact form (and hence the costs) of the next cycle of strate-
gies. Thus, we have chosen to aggregate all costs on a “per
cycle” basis for this current cycle. If the overall economic value
of the next cycle of breeding and testing is positive, then this
approach may slightly under value Options 1 and 2a relative to
2b because the value of starting the next cycle 2 years earlier is
not directly accounted for.

Finally, in future breeding cycles the costs of breeding will be
reduced because crossing will be conducted in the family plots
(in SBFs) located close to operational facilties. In the current
cycle, the STBA will incur the higher costs associated with
travelling to the various field test and seed orchard locations to
collect pollen and make controlled crosses. For the purpose of
costing the various options, we compromised and assumed that
one year of crossing was conducted according to the current
STBA situation (higher travelling and associated costs), while
the second year was in SBFs (with lower costs) that would be
in place at the end of the current cycle. This assumption has
only a minor impact on cost comparisons among the options.

Results of Comparisons of Gains and Costs

Genetic gains for basal area after one generation under
Option 1 (original nucleus plan with unified main and nucleus
populations and OP management of the main) were predicted
as 17.5% for the nucleus and 11.1% for the main population
(Table 3). Use of polycross management of the main population
approximately doubles the gain contribution of selections made
in the main population to both the nucleus (GNM = 22.4% vs.
11.8%) and the main population (GMM = 16.8% vs. 8.4%). Over-
all, this polycross management of the main results in
substantially more gain in the main population (19.4% and
19.7% for Options 2a and 2b) compared with Option 1 (11.1%).
This implies continued enhancement of nucleus gains in subse-
quent generations of breeding resulting from better material
being moved up from the main.

In addition to examining genetic gains, it is useful to compare
the three options in terms of mean breeding values of the
nucleus and main populations after one generation of improve-
ment (Table 3). Consisting of the top 10% of the breeding popu-
lation, the nucleus begins the breeding cycle with a higher
mean breeding value for basal area (193.4 cm2) than does the
main (167.4 cm2). After adding the gains from one generation of
improvement to these starting values, the mean breeding
values of the nucleus and main can be expressed as the advan-
tage (in %) above the starting value of the entire, unimproved
breeding population (170 cm2). There is substantial superiority
of the nucleus above the main population for all three options
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examined, illustrating the value of nucleus breeding strategies.
For example for Option 2a, after one cycle of breeding, the
nucleus mean breeding value is 33.5% above the unimproved
starting population, while the main population is only 17.8%
better than unimproved.

In the nucleus, use of cuttings (Option 2b) compared with
seedlings (Option 2a) in the unreplicated family blocks (in
SBFs) increases gain from 19.8% per cycle to 22.5% (Table 3).
This cuttings option also increases gain in the main population
slightly (19.7% vs. 19.4%), because selections made in the
nucleus and moved down to the next generation’s main popula-
tion are predicted to be of higher genetic quality due to their
selection in nucleus SBFs composed of cuttings (i.e. GMN =
23.9% vs. 21.0% for Options 2b and 2a, respectively).

While gains for Option 2b exceed those for Option 2a when
expressed on a per cycle basis, the reverse is true when gains
are expressed on a per unit time basis. Option 2a has slightly
higher gain for the nucleus (16.5% per decade vs. 16.1%
respectively) and substantially higher for the main (16.1% per
decade vs. 14.1%). Thus, the increase in cycle length of 2 years
(from 12 to 14 years) required to implement the use of cuttings
in the nucleus SBFs offsets the increased gains per cycle
achieved by this option.

The costs of completing these three options are very similar
when considered in the context of the entire STBA budget for
this Australia-wide tree improvement cooperative (Table 3). On
a nominal dollar basis (in which all costs are simply summed
for the entire cycle, at 1992 dollars), the costs range from
$182,700 (Option 1) to a high of $206,600 (Option 2b). If this
difference between the most and least expensive options is
expressed on an annual basis, the difference is less than $2,000
per year which is less than 1% of the annual STBA operating
budget. Any other comparisons of costs (e.g., comparing Option
2a to Option 1 or making comparisons on a present value basis
instead of a nominal basis), makes the differences even
smaller. Thus, the differences in costs between any of these
options are so small that cost should simply not be a considera-
tion when choosing between options. Even small differences in
gain between options would result in large financial gain
considering that the improved material will be deployed over
most of the radiata pine plantation estate in Australia.

Finally, it is important to compare the logistics of each
option to ensure that the plan is really achievable as conceived.
While charting the activities of each option on an annual basis
(Tables 1 and 2), we examined the complexity of completing
each task given the organizational structure and capabilities of
the STBA. All three of the options can, with high probability, be
completed as planned. The total number of trees planted (the
most costly aspect since it implies measuring each planted
tree) is 43,000 for Option 1 (13,000 nucleus plus 30,000 main,
Figure 1) and 56,000 for Options 2a and 2b (32,000 nucleus
plus 24,000 main, Figure 2). Neither of these amounts is too
large for a nation-wide cooperative breeding organization con-
ducting an entire generation of breeding. For example, the
database of 106 progeny tests used to predict breeding values
of the 1,200 first-generation radiata pine selections in Austra-
lia contained over 275,000 trees (WHITE et al., 1992b). 

Discussion

The original nucleus breeding strategy proposed by COTTE-
RILL and CAMERON (1989) and represented here by Option 1,
contained some important concepts for tree breeding: 1) a small
nucleus (containing 10% or so of the total members in the
breeding population) which receives the most emphasis in the
program, 2) a main population receiving less emphasis, 3) use

of index selection, 4) two-way transfer of material between the
main and nucleus populations, and 5) best-mate mating
designs for CP crossing of the nucleus selections. However,
there could be problems implementing Option 1 for STBA: 1)
the best selections may not have female flowers or pollen at age
4.5 (time of thinning and pollination in the OP progeny tests of
the main population), 2) costs and logistics of pollinating on 7-
year-old nucleus selections located in 5 diverse CP test loca-
tions are high, 3) safety laws may eventually preclude controll-
ed-pollination on the ortets, 4) the nucleus would quickly become
inbred with no way of alleviating inbreeding depression in
material deployed to operational plantations, and 5) open-polli-
nated management of a radiata pine main breeding population
relying on pollination at 4.5 years could mean substantial
losses of genetic gain due to foreign pollen entering from out-
side the OP progeny tests.

Thus, the important concepts from the original plan were
retained in Options 2a and 2b, but in addition some new
features were added to enhance genetic gain in the nucleus and
main populations and to increase the logistical flexibility
during breeding and deployment. The genetic gain calculations
developed using Equations 1 and 2 were not flexible enough to
account for the total benefits of these enhancements and we
deliberately tried to make conservative assumptions such that
the gains for Options 2a and 2b are probably underpredicted
relative to those for Option 1. For this reason, the rationale
behind each modification made to the original nucleus strategy
is described below.

Co-Structured Nucleus and Main Populations in Three
Unrelated Lines 

Division of the breeding population into three unrelated
lines serves two distinct functions. First, the lines serve as
multiple populations (BURDON and NAMKOONG, 1983; NAM-
KOONG et al., 1989, p. 71) so that different selection indices (one
for each line) are used as opposed to one general index (NAM-
KOONG, 1976). This will enhance the gains for high wood densi-
ty in the DG line and probably for growth overall (because
growth is the first or second most important trait in three differ-
ent indices each of which contains fewer traits than one overall
index). 

Second, the three lines permit maintenance of some control
on pedigree (material from different lines is always known to
be unrelated), so that concern about build up of relatedness in
the nucleus is less of a problem. Crosses between lines will
always be outcrossed regardless of the inbreeding coefficient
within a line. In this regard, the lines are serving as sublines
or breeding groups being used in other tree improvement
programs to control inbreeding in the deployment population
(VAN BUIJTENEN, 1976; BURDON et al., 1978; KANG, 1979; VAN

BUIJTENEN and LOWE, 1979; MCKEAND and BEINEKE, 1980;
PURNELL and KELLISON, 1983; COGGESHALL and BEINEKE, 1986;
CARSON et al., 1990; MCKEAND and BRIDGWATER, 1992; WHITE et
al., 1993).

Because inbreeding within lines will be removed in deploy-
ment crosses under Option 2, forced inbreeding within each
line can be used to increase gains. Forced inbreeding coupled
with selection can be used to increase gains by removing
deleterious recessive alleles from the breeding population
(STRICKBERGER, 1968, p. 747; LINDGREN and GREGORIUS, 1976;
HALLAUER and MIRANDA, 1981; VAN VLECK et al., 1987, p. 217;
NAMKOONG et al., 1989, p. 57). In the nucleus the STBA will be
making crosses among related selections and also making selfs,
but the gains from this use of forced inbreeding were not
accounted for in any gains calculations.
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Some of the gains achieved from using three different selec-
tion indices (one for each line) will be lost during deployment,
because lines will not have been selected for all traits. For
example, some gains in wood density will be lost when making
deployment crosses between the DG and MP line if the MP line
has not been bred for high density. In the current strategy, the
MP (multi-purpose) line has emphasis on several traits and
growth rate is emphasized in all three lines. Thus, losses of
gain may not be as great as they first appear. Another option to
overcome this problem is to breed all lines for all traits (e.g.
CARSON et al., 1990; WHITE et al., 1993). The STBA may also
eventually adopt this approach. 

Polymix Testing for GCAs of Both the 40 Nucleus and the Main
Population

We believe that precise breeding value predictions are criti-
cally important for the 40 nucleus members because these are
the selections that will be used for making crosses deployed to
operational plantations. It is always better statistically to
replicate these GCA tests as widely as possible (WHITE and
HODGE, 1992), and this is especially important for a nation-
wide cooperative such as the STBA because material will be
deployed to plantations spanning a wide range of climates and
soil types. 

Further, because of the historical independence of the mem-
bers’ testing activities prior to joining the STBA, most selec-
tions have not been tested together in an orthogonal manner
on the same test locations. Thus, for both the main and nucleus
selections, it is important to develop precise breeding value
predictions.

Polymix testing (Options 2a and 2b) increases precision of
ranking of the 40 nucleus members, and hence genetic gain,
because PM tests are on 10 test locations compared to the CP
tests of Option 1 which are on 5 locations (Figures 1 and 2). It
is much less expensive and logistically easier to replicate 40
PM families across 10 locations rather than 130 CP families. 

Precision of the rankings of the nucleus and main selections
will increase in future generations as ancestral data is accumu-
lated through polymix testing. Because the PM tests do not
have to be used for breeding work as in Option 1, the PM tests
can remain undisturbed and be measured past age 6.5 (say to
half or more of rotation). The data from older ages will be
important for assessing juvenile-mature relationships and for
use as ancestral data for ranking future nucleus selections.
These measurements will be less expensive on 40 PM compar-
ed with 130 CP families for the nucleus. 

Precision of the breeding value predictions in both the nucle-
us and main populations is also increased because of the large
number of males in the pollen mix of Option 2. Pollen mix prog-
eny testing is not always optimal (BURDON and VAN BUIJTENEN,
1990), but it is generally quite efficient for ranking selections
(BURDON and SHELBOURNE, 1971; LINDGREN, 1978; VAN BUIJTE-
NEN and NAMKOONG, 1983; VAN BUIJTENEN and BRIDGEWATER,
1986; BURDON and VAN BUIJTENEN, 1990; BRIDGEWATER, 1992).
In the nucleus especially, relatedness among selections will
increase in future generations meaning that best-mate crosses
among nucleus selections will undoubtedly be between rela-
tives. Thus, the 130 CP families of Option 1 will suffer varying
levels of inbreeding depression making the rankings of the
nucleus members less precise from the CP tests compared with
PM families with a large sample of males. 

The PM tests add another source of material for selection.
While most breeding will be conducted in the SBFs for logisti-
cal ease, selections can also be made in the PM tests. Pollen
can be collected from selected individuals to make up the
pollen mixes (main and nucleus) of the next generation and

pollination can be conducted on outstanding individuals. This
was not accounted for in the gains calculations for Options 2a
and 2b.

Use of Selection and Breeding Facilities (SBF)

Complementary mating designs have been adopted by several
tree improvement programs to separate and maximize the
efficiency of two different objectives (VAN BUIJTENEN, 1976; VAN

BUIJTENEN and LOWE, 1979; LOWE and VAN BUIJTENEN, 1986;
MCKEAND and BRIDGEWATER, 1992; WHITE et al., 1993). The
replicated PM tests described above meet the first objective of
efficiently ranking the selections in both the main and nucleus
populations. Then, unreplicated (or replicated only for insur-
ance against catastrophic loss) plots containing trees from a
single family are used to meet the second objective of making
outstanding forward selections (i.e. within-family selections).
We call these plots selection and breeding facilities (SBFs),
because they can also serve a third function, that of breeding
(i.e. they are the places where controlled-pollinations are
made.) 

Use of SBFs increases the gain from within-family selection.
All offspring from a given family that are candidates for selec-
tion are planted in a single plot (or perhaps 2 different plots).
Then, the best candidate for selection is compared directly
against its siblings (as opposed to being planted in several dif-
ferent blocks on several test sites). Selection index theory as-
sumes that correction for test and block effects is perfect, when
in fact the adjustments must be estimated.

The logistics of breeding are greatly enhanced through use of
SBFs, and costs are decreased. The SBFs are set up specifically
to be on field site locations near operational facilities. Thus,
costs and time for controlled-pollinations will be reduced com-
pared to pollinating in more remote field locations where selec-
tions are made or in clone banks. Although the design of the
SBFs (all progeny from a given cross in one location) slightly
increases the risk of loss from fire (offset by their being close to
operational facilties) it also reduces costs. 

SBFs allow the use of forced inbreeding to increase gains
from selection. The SBFs are not used to rank parents, thus
balance (number of seedlings per plot, etc) and varying levels of
inbreeding depression are not a concern. So, crossing among
relatives is promoted. The use of related crosses will increase
gains and does not have to be avoided.

The number of seed required from each family can vary
when SBFs are used. In the nucleus for example, the CP seed
is not planted in replicated field tests as it is in Option 1, ra-
ther PM seed is used for that purpose. The CP seed in Option 2
is planted only in SBFs which are used solely for within-family
selection and breeding. Thus, the large numbers of CP seed
needed to ensure balance of field tests in Option 1 (200 seed
per family for 100 plantable seedlings) is not required. In Op-
tion 2, each SBF may contain a different number of offspring.
This may reduce the number of years and costs of completing
the same number of CP crosses. However, for simplicity in our
calculations, we have assumed that each family has the same
representation in SBFs.

Use of Cuttings in the Nucleus Selection and Breeding Facilities

The use of cuttings can increase gain from within-family se-
lection compared with use of seedling plots (SHELBOURNE,
1992). The weakest aspect of within-family selection is that
each genotype is unreplicated (represented on a single microsite).
Using the average of 4 ramets of each seedling to rank the
seedlings from within a given family, increases the precision of
the ranking and therefore the gain from selection (see SHEL-
BOURNE, 1992 and our calculations in the Appendix – available
from the authors).
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Some STBA members will use cuttings for operational
deployment. If cuttings are actually being planted operational-
ly, then the fact that the final selections have been made on the
basis of performance as cuttings increases the gain compared
with selection of seedlings (because the correlation between
cutting and seedling performance is unlikely to be 1). The
reverse would be true for organizations actually deploying
seedlings; gain would be less if selection were based on cutting
performance. We did not account for this in the gains calcula-
tions i.e. we assumed no c-effects.

The logistics of breeding seem much easier when cuttings
are used. There will be 4 cuttings and the original hedged seed-
ling available for controlled-pollination on any selection (both
those chosen to form the next nucleus and those moving down
to the main). The hedged seedling can be managed later for
flower and pollen production. Compared to crossing on a single
seedling (as in Options 1 and 2a), the crossing should be less
costly and more easily completed in the proposed time.

The extra 2 years needed to complete Option 2b compared to
the seedling Option 2a is a serious disadvantage, and our
preliminary calculations (detailed in the Appendix, available
from the authors) indicate that the extra time is not justified
by enough extra gain (Table 3). However, in different situations
(such as in the next generation when most STBA members may
be actively deploying cuttings), we believe that SHELBOURNE’s
(1992) concept of cloning the breeding population may prove
quite useful.

Combined Testing of the 40 PM Families, 50 Deployment Fami-
lies and 10 Controls

Both Options 2a and 2b call for 50 single pair crosses (called
deployment families) to be made between lines; all other cross-
es are made within lines each generation. These deployment
crosses are intended to represent the very best material that
could be deployed that generation. Because these top 50 fami-
lies are tested on 10 sites (compared with 5 sites in Option 1),
precision of ranking on the top 50 deployment families will be
increased. Thus, STBA members planning to deploy bi-parental
families from CP seed will know which ones have performed
well across a wide range of site types and climates.

The principal disadvantage of all nucleus options considered
is that there are no rankings developed for specific CP crosses
that could be used to choose the best specific crosses for opera-
tional deployment. This is an important disadvantage only if
significant specific combining ability (SCA) exists. If SCA is not
important, then deployment crosses are accurately chosen by
using the mid-parent of the GCAs developed from the PM tests.
Because PM and deployment crosses are tested together on the
same 10 test locations under Option 2, the importance of SCA
can be assessed experimentally. If SCA is not important, then
the rankings of the 50 full-sib deployment families should be
sufficiently accurately predicted by the mid-parent breeding
values obtained from the PM performance of the 40 parents.

The 10 controls included in these tests will provide an impor-
tant test of realized gains against the best material in the
STBA program. The realized gains should nearly reflect gains
expected from operational deployment options.

General Discussion and Conclusions

Gains from either Option 2a or 2b are greater than those of
Option 1. These extra gains come primarily from use of poly-
mix crosses in the main and nucleus populations and the use of
family blocks for within-family selection (SBFs). Division of
both main and nucleus populations into three lines under Op-
tion 2 has the extra advantage of eliminating inbreeding in

trees used for deployment. Further, use of these three lines can
address multiple breeding objectives and costs much the same
as a unified breeding population. Finally, replication of the PM
and deployment crosses in the nucleus across 10 sites will pay
dividends for deployment because the STBA members will have
very precise rankings on the economically most important
material in the program. If genotype x environment interac-
tions are important, the breeding value predictions used for
deployment can be tailored to specific types of deployment sites
(WHITE and HODGE, 1989, p. 157).

With rapidly evolving technologies, we believe that it is
appropriate to plan ahead for only one generation of breeding
and testing (cf KANG, 1979); however, each of the three options
considered here could conceivably be used for multiple genera-
tions of breeding; and it is always important to consider popu-
lation sizes. The population sizes employed (30 to 40 in the
nucleus and 300 in the main) are large enough to sustain sub-
stantial genetic gains for many generations (see review by
WHITE, 1992), and in addition there is a wealth of other genetic
material of radiata pine not included in the current breeding
population that could be infused in future generations. Much of
this material could conceivably be of excellent genetic quality
and comes from three distinct sources: 1) material being bred
and tested by STBA members that was out of phase (too young)
and could not be included when the current breeding popula-
tion was being assembled, 2) provenances and families that are
being tested in a wide variety of gene conservation and genetic
tests around Australia, and 3) material that could be potential-
ly obtained from other radiata pine breeding programs around
the world (for example, Chile, JAYAWICKRAMA and BALOCCHI,
1993; and New Zealand, CARSON et al., 1990). 
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Abstract

The complex relationship between genotype and phenotype
can be attributed to individual quantitative trait loci (QTLs).
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These underling QTLs are often complex in terms of their stati-
stical and biological properties. They could be pleiotropic,
linked, developmentally or environmentally plastic, and inter-
acting. Statistical methods have been developed to map QTLs
and proven to be successful in detecting QTLs of large effects
on the phenotype. Yet, these are not vastly adequate, because
the application of these methods is limited by the complex
nature of QTLs. In this review, we outline recent developments
of statistical methods for mapping these complex QTLs within
the framework of composite interval mapping. In each section,
we discuss the statistical model for dealing with a key topic,
followed by computational algorithms. The topics discussed
include mapping pleiotropic QTLs for multiple quantitative
traits, QTLs linked on the same chromosome, development-


