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Summary

Gain formulations are developed and used to calculate
genetic gains expected in the breeding population each
generation, and each decade, from 10 strategies for breed-
ing trees. The breeding population is assumed to be sub-
lined into lines of 3000 offspring of 30 parents. Special
reference is made to Pinus radiata improvement in Austra-
lia. The strategies include single-pair mating with (1) two-
stage within-family/progeny test selection, (2) within-fami-
ly selection, and (3) combined index selection; half-diallel
mating with (4) two-stage family/within-family selection,
and (5) combined index selection; polycross mating with (6)
within-family selection, (7) combined index selection, and
(8) mass selection; and open-pollinated mating with (9)
combined index selection, and (10) mass selection.

Half-diallel mating with combined index selection can
maximise expected genetic gain per generation. However,
the simpler and less expensive strategy of single-pair
mating with combined index selection had a shorter gene-
ration interval and produced substantially greater gains
per decade than half-diallel mating with combined index
selection. Another simple option of polycross mating with
combined index selection also produced good expected
gains per decade. Strategies which rely solely on within-
family selection produced poor gains per generation and
per decade.

Key words: mass, individual within-family, family progeny test,
and combined index selection, mating designs.

Zusammenfassung

Fiir 10 Ziichtungsstrategien bei Bdumen werden Formeln
fiir den Ziichtungsfortschritt entwickelt und dazu benutzt,
um in der Ziichtungspopulation deren zu erwartenden Wert
fiir jede Generation bzw. jede Dekade abzuschitzen. Es
wird dabei unterstellt, daB die Ziichtungspopulation in Li-
nien mit 3000 Nachkommen von 30 Eltern unterteilt ist.
Besondere Beriicksichtigung findet dabei die Ziichtungs-
arbeit bei Pinus radiata in Australien. Die Ziichtungsstrate-
gien schlieBen mehrere verschiedene Paarungs- und Selek-
tionsverfahren ein, wie: Einfach und paarweise Kreuzung
mit (1) Zwei-Phasen-Selektion innerhalb von Familien-
bzw. Nachkommenschaftspriifungen, (2) Selektion innerhalb
von Familien und (3) kombinierte Index-Selektion; Kreu-
zungen in der Art eines halben Diallels mit (4) Zwei-Pha-
sen-Selektion zwischen bzw. innerhalb von Familien, sowie
(5) kombinierte Index-Selektion; Polycross mit (6) Selek-
tion innerhalb von Familien, (7) kombinierte Index-Selek-
tion und (8) Massenselektion; Freie Abbliite mit (9) kombi-
nierter Index-Selektion und (10) Massenselektion.

Der erwartete Ziichtungsfortschritt kann per Generation
durch Kreuzungen in der Art eines halben Diallels und

" kombinierte Index-Selektion maximiert werden. Das Ver-
fahren der paarweisen Kreuzung mit kombinierter Index-
Selektion, das als einfachere und kostengiinstigere Strate-
gie angesehen werden kann, hatte jedoch ein kiirzeres
Generationsintervall und ergab substantiell groBere Ziich-
tungsfortschritte per Jahrzehnt als das vorhin erwihnte
Verfahren. Eine weitere Moglichkeit, das Polycross mit
kombinierter Index-Selektion, ergab ebenfalls gute zu er-
wartende Ziichtungsfortschritte per Jahrzehnt. Strategien,

1) CSIRO, Division of Forest Research, The Cunningham Labora-
tory, 306 Carmody Road, St. Lucia, Queensland 4067, Australia.
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die nur auf Selektion innerhalb von Familien aufbauen,
ergaben niedrige Ziichtungsfortschritte per Generation und
Jahrzehnt.

Introduction

A number of different strategies are available for long-
term genetic improvement of trees, and the more practical
advantages and disadvantages of each approach have been
widely discussed (e.g. Namxoon:c et al., 1966; SHELBOURNE,
1969; BurpoN and SHELBOURNE, 1971; FrankLIN and MESKIMEN,
1973; Lisey 1973; WEIR, 1974; Burpon et al., 1977; NAMKOONG.,
1979; TaLeerT, 1979; McKeanp and Beineke 1980; NAMKOONG
et al., 1980; Skrerpa, 1982; MaATHESON, 1983; CoTTERILL, 1984).
However, of the above studies only those of Namkoonc et
al. (1966) and SueLBourNE (1969) extend the comparison of
options to include the decisive factor of genetic gains ex-
pected from selection. Both these early papers present ex-
pected gains from seed orchards (clonal and seedling) un-
der strategies which involve different combinations of
mating patterns and individual, progeny, or clonal selec-
tion.

The aim of this study is to present further gain calcula-
tions for 10 different strategies that are of current impor-
tance, or potential (future) importance, for breeding trees
but which c¢o not appear to have been compared previously
in terms of expected genetic gain. The calculations con-
centrate on gains per generation and per decade from selec-
tion in the breeding population, and special reference is
made to Pinus radiata in Australia. The strategies represent
various combinations of mating pattern and selection
scheme, including single-pair mating with (1) two-stage
within-family/progeny test selection, (2) within-family se-
lection, and (3) combined index selection; half-diallel mat-
ing with (4) two-stage family/within-family selection, and
(5) combined index selection; polycross mating with (6)
within-family selection, (7) combined index selection, and
(8) mass selection; and open-pollinated mating with (9)
combined index selection, and (10) mass selection. There
are considerable differences between strategies in genera-
tion interval, operational complexity, and demand for la-
bour and financial resources.

Assumptions and Theory

Breeding Population

The 10 strategies have been compared for a hypothetical
breeding population which is sublined into lines of 3000
offspring derived from matings among a constant 30
parents each generation. Matings are permitted within, but
not between, sublines. Selection within each subline would
be for the same trait and general adaptation to the same
breeding region.

The assumption of sublining has been used here because
it allows calculations of genetic gain to be presented and
discussed without too much concern about the effects of
inbreeding. Under sublining the opportunity exists to ’'re-
lease’ inbreeding by allowing outcrossing in seed orchards
established using unrelated clones from different sublines.
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(It is obviously important to have enough sublines in the
overall breeding population, say 10 sublines or more, to
supply adequate quantities of unrelated material for or-
chards). Of course, where seed orchards are replaced by
mass vegetative propagation the opportunity exists to uti-
lize (by cloning) either outcrossed individuals, or families,
derived from controlled-crosses among unrelated parents
from different sublines; or any superior inbred individuals
which happen to occur within a subline.

Genetic Gain Calculations

The following gain equations are based on additive gene-
tic models which should provide reasonably reliable esti-~
mates of genetic gain in the breeding population (and seed
orchards involving more than say four or five clones). The
gain equations presented here are not intended for predict-
ing responses from either mass propagation, or two or
three clone orchards which may exploit substantial amounts
of non-additive genetic variation.

(1) Single-pair mating with two-stage
within-family/progeny test selection
Under this strategy the 30 parents in each subline are
mated in single pairs to produce 15 full-sib families with
200 offspring per family (total 3000 offspring per subline).
Each full-sib family is planted at one or more sites using
replicated field designs. A two-stage selection process
(detailed by CorreriLL, 1984) is employed to retain superior
individuals for future breeding. At stage 1 of selection,
four phenotypically superior trees are chosen from each
full-sib family of 200 offspring. These four individuals
from each family are then examined more closely in a
stage-2 progeny test (using open-pollinated offspring)
where the best two individuals are finally retained on the
basis of the performance of their offspring. In other words,
the stage-2 progeny test is conducted within families and,
therefore, does not lead to the substantial reduction in ef-
fective population size usually associated with progeny
testing (CorreriLr, 1982, 1984). The 30 individuals finally
retained from the 15 full-sib families in each subline are
mated in single pairs to regenerate the subline for the
following generation of selection, and so on. For P. radiata
in Australia this strategy may have a generation interval
of 17 years (see flow diagram in CorreriLL, 1984).

Suppose that the selection at both stages is to improve a
trait U which may be a single trait or alternatively, a mul-
tiple-trait index value representing a combination of traits.
Let stage-1 selection be on a variable X which is the de-
viation of an individual’s phenotypic value (P) for trait U
from the mean of its full-sib family (P). In other words, X
is the within-family deviation (X = P-P) for trait U. Stage-
2 selection is on another variable ¥ which is the absolute
mean performance of the offspring of an individual (par-
ent) for the same trait U (i.e. ¥ is the progeny test mean
of a parent for U). Finally, let the variable G be the ’true’
breeding value of an individual for the trait U. Genetic

gain may be measured as the change (denoted A E) in the
mean of G for the breeding population before and after
two-stage selection.

Assume X, ¥ and G are trinormally distributed in the
base population with variances 6%y, 6>y and 0%;; covariances
cox(XY¥), cov(XG) and cov(¥G); and correlations Rxy, Rxg
and Ryg. Taking Equation 6 from CorreriL and James (1981)
and adapting it to the present notation, it can be shown
that genetic gain in each generation of two-stage within-
family/progeny test selection is —

88 = 11hRy o, + dghy [(RgRegRy M) /(1-RZDD (1)
where i; represents the standardised selection differential
at stage-1 (i; = 2.37 for within-family selection of four
individuals in every 200), i, the selection differential at
stage-2 (i, = 0.66 for progeny test selection of two indi-
viduals in every four), h the square root of the individual
heritability for trait U, and op the phenotypic standard
deviation for the same trait. The multiplier H is calculat-
ed as H = i,(i,-x) where stage-1 selection is by independent
culling at a point (or culling level) x standard deviations
from the mean of X (CorreriLL, 1984). The actual values as-
signed to i; and i, above, and elsewhere in this article, are
taken from tables of standardised selection differentials
for finite population size calculated by Drs D. LINDGREN
and Jan-Erik NissoN (Swedish Univ. Agric. Sci., pers.
comm.). Similar, but less extensive tables are given in
Becker (1975).

The phenotypic correlation Ryy between the within-
family deviation X and progeny mean Y is given by —

IS& = cov(ﬁ)/(cxai). (2)

It can be shown from first principles (described generally
in TurNer and Younc 1969, Chapter 10; and to a lesser ex-
tent in FarLconer 1976, Table 13.2) that —

cov(XY) = !50‘2\ [(q-1)(1-1)/q] (3)
o2 = 62 1(a-1) (1-t)/q] (4

where o2, is the additive genetic variance for the trait U,
q is the number of offspring in each full-sib family derived
from the single-pair mating (i.e. ¢ = 200), r is the coeffi-
cient of genetic relationship among these offspring, and t
the intraclass corelation (for full-sibs r = %2 and t =%zh2;
where h? =¢2,/0%). The variance of the progeny means ¥
from the stage-2 progeny test may be estimated as (Far-
CONER, 1976; Table 13.2) —

o2 = o% (1 + (n-1)t)/n] (5)
Y

where n is the number of offspring of each parent pro-
geny tested. CorreriL (1984) specified a stage-2 progeny
test based on 20 open-pollinated offspring per parent (i.e.
n = 20 and, assuming half-sib relationships, t = 1/4h?).

Substituting Equations 3, 4 and 5 in Equation 2 —

- L2 E
Ryg = h?Q/(SK) (6)

where @ represents the factor (q-1)(1-r)/q, S represents
(q-1)(1-t)/q, and K represents [1 4+ (n-1)t]/n. (Turner and
Young, 1969 define K as the inverse of the relationship
used here, but the present definition is more convenient for
the purposes of this article). Note that the coefficients r
and t in Q and S refer to full-sib offspring, while the t in
K refers to the open-pollinated offspring involved in stage-
2 progeny test.

Other covariance and variance components can similarly
be estimated from first principles —

cov(XG) = oi Q 7
cov(I6) = %02 ‘ (8
0(2; = ai (9)

and used to obtain the correlations —
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Ry, = ho/s” (10
%G = !ih/l(!i. (11)

Substituting Equation 6, 10 and 11 in Equation 1 —

_ 4 $-h2Q2y
AG) = 11h2Q/5” + 1502 [ 12)
[S(4SK - h“*Q2n)] %

where the genetic gain Aél is measured in units of pheno-
typic standard deviations op of the trait being selected for.
Strictly speaking, Equation 12, and the gain equations
given later that involve selection within families, apply
only to circumstances where there is no restriction re-
quiring selection of equal numbers of offspring from each
family. Consequently, expected gains may be overestimated
for circumstances where a constant number of breeding
individuals are chosen per family. However, the bias should
be slight.

Expected genetic gain per decade from single-pair mating
with within-family/progeny test selection has been calcu-
lated by dividing gain per generation estimated from Equa-
tion 12 by the generation interval of 1.7 decades (i.e. gain

per decade equals AG,/1.7).

(2) Single-pair mating with within-fami-
ly selection

As for the previous strategy, the 30 parents in each sub-
line are mated in single pairs to produce 15 full-sib fami-
lies with 200 offspring per family. However, there is only
one stage of selection in which two phenotypically superior
individuals are selected from each family, and these indi-
viduals are then mated in single pairs to regenerate the
subline. In other words, there is stage-1 selection on the
within-family deviations X, but no stage-2 progeny test.

The expected gain per generation (in units of op) for
this strategy may be obtained by setting i, = 0 in Equa-
tion 12 —

AG, = ilth/S;i, (13)

The within-family selection differential for retaining
two individuals in every 200 is i; = 2.58. For P. radiata this
strategy may have a fairly short generation interval of
about 11 years (assuming controlled-pollinations are car-
ried out on ortets; see flow diagram Appendix 1). Gain

per decade has therefore been calculated as AG,/1.1.

Equation 13 reduces to the equation given by FaLconer
(1976; Table 13.3) for predicting gain from selection with-
in families.

(3) Single-pair mating with combined in-
dex selection

The 30 parents in each subline are again mated in single
pairs to produce 15 full-sib families with 200 offspring per
family. However, rather than restrict selection to within-fa-
mily deviations only, the 30 best individuals from the total
of 3000 in each subline are selected at one-stage using a
combined index which integrates both individual and fami-
ly information.

This case of combined index selection is the classical
example considered by Lusu (1947). The index (denoted I)
may be written —

I =10bP +b,P (14)
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where P is the individual’s phenotypic value for trait U,
and P the mean of its full-sib family (i.e. sib relatives) for
the same trait (with the individual’s phenotypic value in-
cluded in the mean). The weighting factors b, and b, are
determined as partial regression coefficients which maxi-
mise the correlation between the individual’s index value
I and its true breeding value G (LEerNeR, 1958; TurnNer and
Young, 1969). Turner and Younc (1969) provide details of
the methodology for calculating b values for different ty-
pes of combined indices using the correlation coefficients
among the variables being integrated in the index. Deter-
mination of the b values in the above index requires know-
ledge of the correlations between the individual value and
family mean (Rpp), individual and breeding value (Rpg),
and family mean and breeding value (Rpg). The appropriate
variance and covariance components (which have not al-
ready been given) for calculating these correlations can be
shown to equal —

cov(PB) = 02 = o2N (15)
P P

cov(PG) = oi (16)

cov(PG) = oiM 7

where N =[1 + (g-Dtl/gand M = [1 + (g-1)r}/q. (TURNER
and Younc 1969 again define N and M as the inverse of the
relationships used here). Combining Equations 9, 15, 16
and 17 gives the correlations —

1.

Ryz = N° (18)

Bpg = b (19)
- ]

Rgg = hM/NZ. (20)

Substituting Equations 18, 19 and 20 in the partial re-
gression equations given in Turner and Younc (1969; Equa-
tion 10.24) provides the following standardised partial re-
gression coefficients —

By = h (1-1)/(1-N) (21)

) 1,
By = h (M-N)/IN?(1-N)]. (22)

The standardised coefficients b, and b, are easily converted
to the weighting factors b, and b, required in Equation 14
(see Turner and Young, 1969). Equally importantly, at least
for the purposes of this study, the b values may be used to
determine the gain (A_és) expected from selection on the
combined index given in Equation 14. The expected gain
may be given as (Turner and Young, 1969) —

AG3 = i,hk"c

» (23)

where R, the multiple correlation between G as the de-
pendent variable and P and P as the independent variables,
is equal to —

R = b, RPG'H;zkic
= [h2 (1-M)/(1-N)] + [h2M (M=N)/(N(1-N))]. (24)

Substituting Equation 24 in Equation 23 —

AG3 = ih2 /(I-M) 4+ MOEN) (25
(1-N) N(1-N)




in units of op. The selection differential for retaining 30
individuals in every 3000 is i, = 2.66. The strategy is as-
sumed to have a generation interval of 11 years, and gain

per decade has been calculated as Af:‘r, /1.1,

Equation 25 reduces to the same gain equation for this
classical case of combined index selection given in Lusu
(1947), OsBorNE (1957), Lerner (1958), FaLconer (1976), and
others. Lusu (1947) and Lerner (1958) derive the equation
using path diagrams while Ossorne (1957) uses variances
and covariances of the dependent and independent varia-
bles. (Note that if the trait U is itself a multiple-trait index
combining phenotypic values for different characteristics
the situation exists of having an index value combined in
another index; see theory presented in CunNINGHAM 1975).

(4) Half-diallel mating with two-stage
family/within-family selection

The 30 parents in each subline are mated in five 6 X 6
disconnected half-diallels to produce a total of 75 full-sib
families (i.e. 15 families in each half-diallel) with 40 off-
spring per family (3000 offspring per subline). Each family
is planted at one or more sites using replicated field
designs. Two-stage selection follows, but on this occasion
stage-1 is to select the best three full-sib families in each
group of 15 half-diallel crosses, and at stage-2 two pheno-
typically superior individuals are selected from each of
these three best families. The total of 30 parents selected
in each subline (i.e. six selections from each half-diallel)
are mated in five 6 X 6 disconnected half-diallels to rege-
nerate the subline, and so on.

Let P again represent the full-sib family mean for trait
U (stage-1 selection) and X the within-family deviation
for the same trait (stage-2 selection). The covariance, and
therefore the correlation, between the family mean P and
deviations X from the mean is —

(26)

RXl; = zero.

Other correlations (Rxg and Rpg) required for estimating
expected gain from half-diallel mating with family/within-
family selection have been given previously in Equations
10 and 20. Substituting Equations 10, 20 and 26 in Equation
1 (with, of course, P replacing X and X replacing ¥ in the
correlations in Equation 1) gives —

- 1
88y = 1);h2M/N? + i,h2q/s? (27)

in units of op. The stage-1 selection differential for retain-
ing three families in every 15 is i; = 1.31 and the stage 2
selection differential for retaining two individuals in every
40 offspring is i, = 1.96.

Other combinations of two-stage selection might. be
used, such as selecting six families from each half-diallel at
stage-1 and then, at stage-2, selecting one individual from
each of these six best families. However, by solving Equa-
tion 27 it can be shown that this option usually provides
less expected gain. Other types of diallel (e.g. disconnected
4 X 4 or 5 X 5 half-diallels) or even North Carolina Design
II crosses (e.g. disconnected 4 X4 or 5 X 5 Design II's) are
sometimes used in tree breeding (Burpon et al., 1977; TAL-
BERT, 1979), but these alternatives have not been considered
here partly because the 6 X 6 half-diallels are used for
breeding P. radiata in Australia (GrirrIN, 1976; MATHESON,
1978). Partly, also, because it can be shown using Equation
27 that expected gains from 6 X 6 half-diallel matings
. should never be less than the gains from 4 X 4or 5 X 5

Winter, year 1 ESTABLISH 2nd GENERATION BREEDING POPULATION

Jan, year 7 MEASURE ALL TREES IN THE BREEDING POPULATION

* Data analysed quickly and used to identify superior trees.
April, year 7 SELECT SUPERIOR INDIVIDUALS FOR FUTURE BREEDING
Winter, year 7
Winter, year 8 CONTROLLED-CROSSES CARRIED OUT ON ORTETS
Winter, year 9

* Neighbouring trees should be removed from around selected ortets

to encourage flowering and development of cones.

Spring, year 11 COLLECT SEED FROM CONTROLLED-CROSSES AND SOW IN NURSERY

Winter, year 12 ESTABLISH 3rd GENERATION BREEDING POPULATION

Appendix 1. — Time-table of operations for second and subse-
quent generations of selection of Pinus radiata in Australia under
circumstances where controlled-crosses are carried out on ortets
in the field. Selection is carried out at 5Y: years after planting
when the tallest trees may be around eight to 10m, depending on
site quality. The controlled-crosses are assumed to require three
flowering seasons to complete; and a 2 year period is required
for cones to develop on P. radiata. The generation interval is 11
years.

half-diallels or Design II’s. A similar finding is reported by
Drs J. P. van Buntenen and R. D. Burpon (pers. comm.).
For P. radiata the strategy of half-diallel mating with
family/within-family selection has been assumed to have
a generation interval of 14 years. The controlled-pollina-
tions are considered too complicated and numerous io
complete on the ortets and would require establishment of
a clone bank (Appendix 2). For instance, a breeding popula-
tion comprising a total of 300 parents (which is arguably a
minimal size for long-term breeding; Burpon et al. 1977;
CorteriLL, 1984) would require 750 crosses (or fifty 6- X 6
half diallels) to regenerate each generation. Expected gain

per decade has been calculated as AG,/14.

Winter, year 1 ESTABLISH 2nd GENERATION BREEDING POPULATION

Jan, year 7 MEASURE ALL TREES IN THE BREEDING POPULATION

April, year 7 SELECT SUPERIOR INDIVIDUALS FOR FUTURE BREEDING

Winter, year 7 COLLECT SCIONS AND ESTABLISH CLONE BANKS

Winter, year 10
Winter, year 11 CONTROLLED-CROSSES CARRIED OUT IN CLONE BANKS
Winter, year 12
Spring, year 14 COLLECT SEED FROM CONTROLLED-CROSSES AND SOW IN
NURSERY

Winter, year 15 ESTABLISH 3rd GENERATION BREEDING POPULATION

Appendix 2. — Time-table of operations for second and subsequent

generations of selection of Pinus radiata in Australia using dis-

connected half-diallel matings. It is assumed that the controlled-

pollinations are too numerous and intricate to be manageable on

the ortets, and clone banks are therefore established to simplify
the task. The generation interval is 14 years.
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(5) Half-diallel mating with combined in-
dex selection

In this case the 30 parents in each subline are again mat-
ed in five 6 X 6 disconnected half-diallels with 40 offspring
per full-sib family, and the best 30 individuals out of the
3000 offspring in each subline are selected using a combined
index. The index previously defined in Equation 14 which
combines individual and full-sib family information may
be used under half-diallel matings. However, a more ef-
ficient index (i.e. an index I having a higher correlation
with true breeding value G) should be one which also uti-
lizes information on the half-sib classifications that occur
among full-sib families generated by diallel matings. Such
a combined index has been considered for half-diallel
matings in this study —

1= b3P + b,F, + b3P, (28)

where P is the individual’s phenotypic value for the trait
U, P, the mean of the full-sib family, and P, the mean of
the half-sib classification to which the individual belongs
(i.e. P, is the mean of all offspring which have at least one
parent in common). In fact, the average relationship among
offspring in the “half-sib” classification is somewhat less
than r = Vs (discussed later). In the case of both P, andP,
the individuals’ phenotypic value is assumed to be included
in the mean.

Correlations required for solving the standard partial
regression coefficients b,, b, and b; include Rpg, given
previously by Equation 19, and Rpy; and Rpzg which
are both given by Equation 20. The correlation Rp,g
has been calculated using values of N, and M, determined
for q, = 40 full-sib offspring. While Rp, has been calculat-
ed using values of Ny and M, for q; = 360 offspring (i.e.
under 6 X 6 half-diallel matings there are nine full-sib
families in each half-sib classification) with an average
coefficient of relationship of approximately T = 0.2 (i.e.
marginally less than a true half-sib relationship). This

average coefficient r has been determined using the general
methodology deseribed in SquiLtace (1974; see Table 4). The
correlations Rpp, and Rpps, given by Equation 18, have
been calculated using the previous values of N, and N,,
respectively. Assuming the parents involved in each half-
diallel are unrelated, the correlation between P, andP, is
zero —

Rg 5. = zero. (29)

Combining the above correlations in the appropriate par-
tial regression equations for three independent variables
(e.g. Turner and Young, 1969; Equations 10.36) gives —

’

o
"

h (I-Mz—M3) /( 1-N2—N3)

(30)
’ 1
by = h (Mp-Np-MyN3+M3N,) / [N5(1-N,-N3)] (31)
b3 = h (M3-N3-M3N,+MpN3) / [N3(1-Np-N3)], (32)

Genetic gain (AES) expected from selection on the combin-
ed index given in Equation 28 is —
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_ 1
AGg = ijhR*

= ih (b’lRPG + b'ZRcm + gsRFaG)%

, J(I—MZ-M3) 4 Mo (Mp-Np=MpNgMaNz) | M(M3-Ny=M3Np#MpN )
= ih
1 (1-N;-N3) No(1-N,-N3) N3(1-Np-N3)

in units op. Note that when N; and My equal zero (i.e. when
there are no half-sib family groupings) Equation 33 redu-
ces to-Equation 25. The selection differential for retaining
30 individuals in every 3000 is of course i; = 2.66. Gain

per decade has been calculated as AGy/1.4.

The above approach to constructing combined indices is
icumbersome where information from more than two types
of relatives, as well as the individual’s own record, are in-
volved. For instance, in the case of half-diallel matings
another (perhaps more efficient) index would be one which
combines the individual’s performance, the mean of the
full-sib family, the mean of the maternal half-sib classi-
fication (i.e. female parent general combining ability; gca)
and the mean of the paternal half-sib classification (male
igca). (The index given by Equation 28 utilizes the maternal
and paternal gca information as a single mid-parent value
P,.) The method of best linear unbiased prediction (BLUP)
provides a more general approach to utilizing information
from many different types of relatives to improve the ac-
curacy of breeding value prediction (HenpersoN and Quaas,
1976; HenDERsoON, 1985). Dr N. Jackson (CSIRO, pers. comm.)
is presently attempting to build a modified BLUP approach
into the selection index program RESI (described in Cot-
TERiLL and Jackson, 1985). The problems with BLUP are
that it requires a complete relationship matrix (determined
from pedigree information on each individual), and the
method is iterative, and therefore costly on computer time.

6) Polycross mating with within-family
selection

Each subline is represented by 3000 polycross offspring
from matings among 30 parents. The matings may be car-
ried out as either a “complete” polycross where each of the
30 parents are used both as female (seed) parents and in
the pollen mix, or as an “incomplete” polycross where half
of the parents (i.e. 15 parents) are used as females and the
other half as males in the pollen mix (Burpon and SHEL-
BOURNE, 1971). There would be 100 offspring per female
parent for the complete polycross (giving 3000 offspring
per subline) and 200 offspring per female parent for the in-
complete design. Each family is planted at one or more
sites using replicated field lay-outs. The best one (in the
case of the complete polycross) or two individuals per fami-
1y (in the case of the incomplete polycross) are chosen on
the basis of within-family deviations (i.e. on the basis of X)
to give a total of 30 selections per subline. These selections
are then mated in the appropriate polycross design to re-
generate the subline.

Genetic gain from each generation of selection within

polycross families (denoted AY}G) has been calculated from
Equation 13; setting r = Y4 and t = Y/sh? (for half-sib off-
spring). In the case of the complete polycross the selection
differential for retaining the best one out of 100 offspring
in each family is i; = 2.51. In the case of the incomplete
polycross the selection differential (and hence genetic gain)



for.retaining two out of 200 offspring is marginally higher
at i, = 2.58. The incomplete polycross would usually be
preferred in practice, not only because of its slight gain
advantage, but also because the incomplete polycross re-
quires only half as many controlled-crosses as the complete
polycross. Hence, the gain calculations presented in this
article are for the incomplete polycross only.

Polycross mating with within-family selection should
have the same generation interval as single-pair mating
with within-family selection (i.e. 11 years; Appendix 1), and

gain per decade has been calculated as AE,,/I.I.
(7) Polycross mating with combined in-
dex selection

The 30 parents in each subline are mated in an incom-
plete polycross with 200 half-sib offspring per family. A
combined index integrating individual phenotype (P) and
the mean of the half-sib (polycross) family (P) is used to
select the 30 best individuals from the total of 3000 off-
spring in each subline.

Genetic gain (AC;) expected from this particular com-
bined index has been calculated by solving Equation 25
for an intensity of selection i, = 2.66 and assuming q =

200 half-sib offspring. Gain per decade is Af‘x,/l.l.

(8) Polycross mating with mass selection

Each subline is again represented by 3000 offspring from
incomplete polycross matings among 30 parents. However,
on this occasion the offspring are bulk planted with no
identification of pedigree, and the 30 individuals having
the highest phenotypic value P for trait U are selected
en masse from each subline. These 30 individuals are cros-
sed in an incomplete polycross, the seed sown in a nursery,
and in due course the seedlings are lifted, bulked and
planted out to regenerate the subline. The female pedigree
may be identified at the nursery stage to ensure that equal

Winter, year 1 ESTABLISH 2nd GENERATION BREEDING POPULATION

Winter, year 5 PRELIMINARY THINNING TO REMOVE THE POOREST 50% OF TREES

Jan, year 7 MEASURE ALL REMAINING TREES

Feb, year 7 SELECT EN MASSE SUPERIOR FEMALE (SEED) PARENTS

March, year 7 FINAL THINNING TO REMOVE POOREST 60% OF REMAINING TREES

* In two thinnings a total of 80% of trees planted have been
removed to improve the genetic quality of the local pollen
cloud.

Winter, year 9 COLLECT OPEN-POLLINATED CONES FROM THE SELECTED

Winter, year 101

FEMALE PARENTS

Spring, year 10 SOW OPEN-POLLINATED SEED IN NURSERY

Winter, year 11 ESTABLISH 3rd GENERATION BREEDING POPULATION

Appendix 3. — Time-table of operations for second and subsequent

generations of selection of Pinus radiata in Australia using open-

pollinated matings. The two-year period required for gone deve-

lopment accounts for the delay between final thinning and col-

lection of first open-pollinated cones. The generation interval is
10 years.

numbers of seedlings of each family are bulked before
planting out in the field.

It is important that the field design used in planting out
the bulked offspring should include the same sort of block-
ing (i.e. the same block sizes and lay-out) that would be
used in planting out controlled-pollinated offspring under
the previous strategies. If environmental variance due to
blocks is not taken into account under mass selection the
realised heritability would, of course, be reduced. It is as-
sumed that the block sizes are sufficiently large (say 50 or
more trees) to ensure relative uniformity in average gene-
tic value from one block to the next, thereby avoiding any
serious confounding between environmental and genetic
effects among blocks.

The correlation between an individual’s phenotypic
value P for trait U and its breeding value G for the same
trait is given in Equation 19. Substituting Equation 19 into
Equation 1 {with P replacing X and i, set at zero) gives
the well known equation —

Ga= i 2
AGg= i;h (34)

in units of op. The selection differential for retaining 30
individuals in every 3000 is i, = 2.66. The generation in-
terval is 11 years and gain per decade has been calculated

as AG/1.1.

(99 Open-pollinated mating with combin-
edindex selection

Each subline is represented by 3000 open-pollinated off-
spring of 30 female parents (100 offspring per female
parent) planted at a site isolated from other sublines to
avoid cross-pollination. The field design at each site should
use single-tree plots (with the female pedigree identified)
to encourage outcrossing among individuals of different
families. A combined index integrating the individual’s
phenotype (P) and the mean of its open-pollinated family
(P) is used to select the 30 best individuals in each sub-
line, and the population is regenerated using open-pollinat-
ed seed collected from each of these 30 superior seed
parents.

A number of years prior to collecting the open-pollinated
cones, the genetic quality of the local pollen cloud may be
improved by culling say 80% of the offspring from each
ilsubline to leave only the best 600 out of 3000 trees. In
practice, the culling may be carried out over a few years
to help maintain the stability of the stand. A schedule is
suggested in Appendix 3 where the poorest 50% of trees
(judged visually) are removed at around four years after
planting and, after final measurement at 5Y%: years, the
worst 60% of the remaining trees (according to the com-
bined index) are removed to give an overall thinning of
80% of trees planted. (Breeders may prefer to identify
trees for removal at the first thinning on the basis of a
combined index utilizing early measurements.)

Genetic gain (Af}q) has been calculated according to
Equation 25 under the assumption that the open-pollinat-
ed offspring are half-sib. The overall intensity of selec-
tion i, has been calculated as the average of the intensities
of selection on the female (iy) and male parents (iy) —

i, = (iF + iM)/Z. (35)
In this case iy = 2.66 (selecting 30 in 3000 female parents)
and iy = 1.40 (selecting 600 in 3000 parents to contribute

to the pollen cloud). This 80% thinning of trees contribut-
ing to the pollen cloud is a fairly arbitary figure which
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Table 1. — Total gain per generation (Aam) from mass selection on female parents at a

constant intensity of 30 trees in very 3000 (iF = 2.66), and differing intensities of selection on

the male (pollen) parent. Selection on the male parent is achieved by thinning trees to im-

prove the genetic quality of the pollen cloud. Selection is assumed to be for a single trait of
individual heritability h? = 0.2.

Percent Male Gain due Percent Gain due Total
trees selection to male gain due to female genetic
thinned intensity selection to male selection gain
selection

iy h2i /2 h?i /2 8Gyo

0 0 0ié 0 27# 27#
30 0.50 .05 16 27 32
40 0.64 .06 19 27 .33
50 0.80 .08 23 27 .35
60 0.97 .10 27 .27 36
70 1.16 .12 30 .27 38
80 1.40 .14 34 .27 41
90 1.75 .18 40 .27 b4
99 2.66 .27 50 .27 53

¥ AG1g = h2 iy +1ip/2.

Genetic gain expressed in units of phenotypic standard deviation Ope

represents a compromise between maximising genetic gain
(by removing as many trees as possible) and yet retaining
sufficient stems per hectare, and reasonably evenly spaced,
to achieve both a stable stand and a fairly dense cloud of
local pollen.

Table 1 gives the percentage of gain per generation that
may be expected under different intensities of thinning to
improve the genetic quality of the pollen cloud (assuming
a constant intensity of female selection iy = 2.66, and h? =
0.2). The calculations have been made for open-pollinated
mating with mass selection (discussed later) for the sake
of simplicity, but the trends are the same for open-pol-
linated mating with combined index selection. It is ap-
parent from Table 1 that the contribution of male (pollen)
selection to total genetic gain increases almost linearly as
the percentage of trees thinned is increased up to about
80%. At 80% thinning the selection on male parent contri-
butes 34% of total genetic gain. Further increases in the
level of thinning, to 90% and 99%, lead to a roughly ex-
ponential increase in the contribution of male selection to
40% and 50% of total gain respectively. However, thinning
over 80% of trees may leave too few stems, too unevenly
spaced. The 80% thinning is therefore used in the gain
calculations presented here.

For P, radiata the strategy of open-pollinated mating
with combined index selection is assumed to have a gene-
ration interval of 10 years (Appendix 3). Gain per decade is
therefore equal to the gain per generation.

(10) Open-pollinated mating with mass
selection

In this case each subline is represented by 3000 bulked
open-pollinated offspring of 30 female parents planted (in
a blocked lay-out) on a site isolated from other sublines.
The 30 individuals having the highest phenotypic value P
for trait U are selected en masse from each subline, and
the population is regenerated using bulked seedlings grown
from open-pollinated seed collected from each of the 30
selected trees. Before collecting the open-pollinated cones

218

the genetic quality of the local pollen cloud may be im-
proved by culling 80% of the offspring planted at the site.

Total response from mass selection in this instance is
given by Equation 34, but with the overall intensity of
selection partitioned into the intensities of selection on the
female and male parents —

AGyy = h2 :

10 =h (iF +ip/2 (36)
in units op. As was the case for the previous option iy =
2.66 and iyy = 1.40. The generation interval is 10 years and
gain per decade equals AGy,.

The most basic form of open-pollinated mating with
mass selection is, of course, the approach of select-tree seed
collections from carefully thinned stands. However, this
option is usually associated with much longer generation
intervals.

Results

Solutions to Equations 12, 13, 25, 27, 33, 34 and 36 are
presented in Table 2 for a range of individual heritabilities
from h? = 0.05 to 0.4 (this range includes the heritabilities
of almost all economic traits in forestry); under the general
assumption of selection in a subline of 3000 offspring of 30
parents. The gains presented in Table 2 are expressed both
as absolute values and, to simplify comparisons among dif-
ferent strategies, as percentage values relative to the gains
produced by the option of single-pair mating with com-
bined index selection.

Perhaps the most obvious feature of Table 2 is that ex-
pected gains increase fairly dramatically with increasing
heritability, particularly in the lower range of heritabilities
between h*> = 0.05 and around h? = 0.15. Another striking
feature of Table 2 is that for each mating design studied
the technique of combined index selection produced sub-
stantially greater expected gains than any of the other
methods of selection (including the two-stage selection
techniques).

Of the breeding strategies themselves, half-diallel mating
with combined index selection produced the greatest ex-




Table 2. — Genetic gains expected per generation from ten different strategies for improving a single trait (or index)
having an individual heritability between 0.05 and 0.40. Figures in brackets give the percent efficiency of each breeding
strategy relative to single-pair mating with combined index selection.

Breeding strategy

Individual heritability (h2)

.05 .10 .15 .20 .25 .30 .40
Single-pair mating with - +
(1) within-family/progeny test .13°(32) .24(41) .35(47) .45(52) .56(56) .66(59) .85(64)
(2) within-family selection .07(17) .13(22) .20(27) .27(31) .34(35) .42(38) .58(43)
(3) combined index selection .39(100) .59(100) .74(100) .87(100) .99(100) 1.11(100) 1.32(100)
Half-diallel mating with -
(4) family/within-family .20(51) .35(59) 47(64) .59(67) .70(70) .80(72) 1.01(76)
(5) combined index selection .39(100) .62(106) .80(108) .95(109) 1.09(109) 1.21(109) 1.43(108)
Polycross mating with -
(6) within-family selection .10(25) .20(33) . 30(40) .40(45) .50(50) .60(54) .81(61)
(7) combined index selection .27(70) L44(75) .58(78) .71(81) .83(83) .95(86) 1.18(89)
(8) mass selection .13(34) .27(45) _.40(54) .53(61) .67(67) .80(72) 1.06(80)
Open-pollinated mating with -
(9) combined index selection .19(49) .32(54) .43(58) .53(61) .62(63) .72(65) .90(68)
(10) mass selection .10(26) .20(35) .30(41) L41(47) .51(51) .61(55) .81(61)

Absolute gains given in units of phenotypic standard deviations %

pected gains per generation except at very low heritabilities
(Table 2). At the high heritability of h? = 0.4 half-diallel
mating with combined index selection produced 1.43op
units of gain per generation (or 8% more than the next most
successful strategy which was single-pair mating with
combined index selection; i.e. relative efficiency of 108%).
At the intermediate heritability h? = 0.2 (which happens to
be fairly typical of the average individual heritability of
many important economic traits for P. radiata; summarised
in Dean et al. 1983) half-diallel mating with combined
index selection produced 0.950) units of gain per genera-
tion (relative efficiency 109%; Table 2). At the low herita-
bility h? = 0.05 half-diallel mating with combined index
selection produced the same gain (0.39¢p units) as single-
pair mating with combined index selection. The large full-
sib families of 200 offspring generated under single-pair
matings apparently provided similarly reliable information
on breeding values for poorly inherited traits as the com-
bined full-sib and half-sib family information obtained
from half-diallel matings.

To express these gains per generation in some actual
units of measurement consider say stem diameter of P. ra-
diata at 6 years after planting which, in existing first gene-
ration breeding populations in Australia, may have a mean
of around 11.5cm (depending of course on site quality) and
a standard deviation op = 2.94cm (see values for test
VRC105; Dean et al. 1983). Genetic gains of 1.430p, 0.950p
and 0.390p therefore represent improvements of around
4.2cm (or 1.43 X 2.94cm), 2.8cm and 1.lcm, respectively, in
diameter of P. radiata at 6 years.

Polycross mating with combined index selection proved
to be another promising strategy producing 89% and 81%
as much gain per generation as single-pair mating with
combined index selection at h? = 0.4 and 0.2, respectively,
but declining to 70% relative efficiency at the low herita-
bility h? = 0.05 (Table 2). The half-sib family information
utilized in combined indices under polycross mating is
obviously a less reliable guide to breeding value compared
with the full-sib family information from single-pair mat-
ings, particularly at low heritabilities. Of the other strate-

of the trait being improved.

gies, half-diallel mating with family/within-family selec-
tion, polycross mating with mass selection and open-poli-
linated mating with combined index selection all produced
relative efficiencies of between 67% and 61% at h® = 0.2
(Table 2). The polycross mating with mass selection was
more promising at higher heritabilities, having a relative
efficiency of 80% at h? = 0.4.

Single-pair mating with within-family/progeny test se-
lection produced marginally greater gains per generation
(52% relative efficiency at h®> = 0.2; Table 2) than open-
pollinated mating with mass selection or polycross mating
with within-family selection (47% and 45% relative ef-
ficiencies, respectively, at h? =0.2). Single-pair mating with
within-family selection was the least successful strategy
in terms of gains per generation having only 31% relative
efficiency at h* = 0.2. The substantially greater gains from
selection within half-sib families (i.e. polycross mating
with within-family selection) compared with selection
within full-sib families (single-pair mating with within-
family selection) may surprise some readers, but is of
course due to the fact that there is greater additive genetic
variability within half-sib offspring. Given equal intensity
of selection and equal individual heritability, selection
within half-sib offspring should always yield greater
responses than selection within full-sib offspring (FALCONER,
1976).

Table 3 presents absolute gains expected per decade for
each strategy, calculated by dividing the gains per gene-
ration in Table 2 by the appropriate generation interval
(in decades). Table 3 also gives the percent efficiency of
each strategy relative to single-pair mating with combined
index selection.

Expressing expected gain on a per unit time basis has
clearly enhanced the relative merits of strategies that should
require only 10 or 11 years to complete each generation of
improvement for P. radiata in Australia. For instance,
single-pair mating with combined index selection (11 year
generation) produced greater gains per decade than the
more elaborate approach of half-diallel mating with com-
bined index selection (14 year generation). The absolute
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Table 3. — Genetic gains expected per decade from ten different strategies for improving a single trait (or index) having
an individual heritability between 0.05 and 0.40. Figures in brackets give the percent efficiency of each breeding strate-
gy relative to single-pair mating with combined index selection.

Breeding strategy

Individual heritability (h2)

.05 .10 .15 .20 .25 .30 .40
Single-pair mating with - +
(1) within-family/progeny test .07 (21) . 14(27) .21(31) .27(34) .33(36) .39(38) .50(42)
(2) within-family selection .06(17) .12(22) .18(27) .25(31) .31(35) .38(38) .52(43)
(3) combined index selection .36(100) .53(100) .67(100) .79(100) .90(100) 1.01(100) 1.20(100)
Half-diallel mating with -
(4) family/within-family . 14(40) .25(46) . 34(50) .42(53) .50(55) .57(57) .72(60)
(5) combined index selection .28(78) .44(83) .57(85) .68(86) .78(86) .86(86) 1.02(85)
Polycross mating with -
(6) within-family selection .09(25) .18(33) .27(40) .36(45) .45(50) .55(54) .74(61)
(7) combined index selection .25(70) L40(75) .53(78) .64(81) .75(83) .86(86) 1.08(89)
(8) mass selection .12(34) .24(45) .36(54) .48(61) .60(67) .73(72) .97(80)
Open-pollinated mating with -
(9) combined index selection .19(53) .32(60) .43(64) .53(67) .62(69) L72(71D) .90(75)
(10) mass selection .10(28) .20(38) .30(45) L41(51) .51(56) .61(60) .81(67)

¥

gains expected per decade from single-pair mating with
combined index selection for h? = 04, 0.2 and 0.05 were
1.200p (or 3.5cm for diameter of P. radiata at 6 years),
0.790p (2.3cm) and 0.360p (l.lcm), respectively (Table 3).
Corresponding gains from half-diallel mating with com-
bined index selection were 1.020p (3.0cm), 0.680p (2.0cm)
and 0.280p (0.8cm). Polycross mating with combined index
selection (11 year generation) also produced substantial
gains per decade, and exceeded the gains per decade from
half-diallel mating with combined index selection at higher
heritabilities above h? = 0.3. In general the strategies of
half-diallel mating with combined index selection and poly-
cross mating with combined index selection had efficien-
cies of between 89% and 70% relative to single-pair mating
with combined index selection (Table 3).

Polycross mating with mass selection (11 year generation)
produced fairly high gains per decade at higher heritabi-
lities, having a relative efficiency of 80% at h® = 0.4 (Ta-
ble 3). Open-pollinated mating with combined index selec-
tion (10 year generation) produced greater gains per decade
than polycross mating with mass selection at low and
intermediate heritabilities, but less gain at heritabilities
hZ > 0.3.

Open-pollinated mating with mass selection (10 year ge-
neration), polycross mating with within-family selection
(11 year generation) and half-diallel mating with family/
within-family selection (14 year generation) produced ap-
proximately the same expected gains per decade at inter-
mediate to high heritabilities (Table 3). (The half-diallel
mating with family/within-family selection was somewhat
more appealing at lower heritabilities due to the stage-1
family selection). It is interesting to note that breeders who
invest the considerable time and effort required to com-
plete elaborate diallel matings, but then employ the much
recommended approach of two-stage family/within-family
selection to choose individuals for future breeding, may
achieve only about the same gains per decade that would
be expected from a very simple and low cost option such as
open-pollinated mating with mass selection. If sophisticated
diallel (or Design II) matings are used to regenerate the
breeding population they should clearly be supported by
efficient selection techniques such as the combined index.
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Absolute gains expressed in units of phenotypic standard deviatioms %p of the trait being improved.

The main reason for the greater efficiency of combined
index selection in this instance is the fact that the index
allows superiority in say individual performance to com-
pensate at least to some extent, for poorer family per-
formance. Under the two-stage family/within-family se-
lection individuals are automatically culled when their
family mean falls below some arbitrary “culling level”,
regardless of their own phenotypic merit.

The poorest options in terms of gain per decade were
single-pair mating with within-family/progeny test selec-
tion and single-pair mating with within-family selection
(both strategies having relative efficiencies below 43%;
Table 3). The long generation interval of 17 years for
single-pair mating with within-family/progeny test selec-
tion reduced the gains per decade for this strategy to a
level approaching the gains per decade for the more simple
approach of single-pair mating with within-family selec-
tion¥employing no stage-2 progeny test).

Gains from single-pair mating with within-family/pro-
geny test selection may be considerably enhanced by not
restricting the stage-1 selection to within-families, but
simply selecting phenotypically superior individuals re-
gardless of family (i.e. two-stage indvidual/progeny test
selection). CorreriLL and James (1981; Figure 3 for p = 0.01,
p; = 0.02) report an expected gain per generation of around
0.750p (or 1.6804) for single-pair mating with individual/
progeny test selection at h? = 0.2. However, the long 17
year generation reduces this gain to only 0.44 op per decade
(or 56% relative efficiency).

The differences between strategies in Table 2 and 3 hold
for population sizes other than the 3000 offspring of con-
stant 30 parents considered here. In calculations not re-
ported, gains have been compared for each strategy under
circumstances where the number of offspring per parent
was set at a much higher level (e.g. 3000 offspring of only
12 parents per subline). Although the intensities of selec-
tion, and therefore the absolute gains, were higher under
these circumstances of more offspring per parent, the rela-
tive differences between strategies remained about the
same. The case of 30 parents and 3000 offspring per subline
has been used in this study because it represents the size
of sublines actually employed in the breeding program for



P. radiata in South Australia. (A total of 10 sublines will
eventually be incorporated into this program giving 300
parents for the entire breeding population.)

In other calculations not reported here it was found
that the relative differences between strategies in terms
of gains per generation and per decade were also similar
under the exceptionally high intensities of selection that
may be used in choosing individuals for seed orchards (e.g.
in choosing only he best one or two individuals from each
subline). Options involving half-diallel, polycross and open-
pollinated matings do, however, provide information on the
breeding values of parents which may, over time, be used
to further increase gains by culling orchards. No accurate
estimates of breeding value can be obtained from single-
pair matings. Results and discussion in this article concen-
trate on gains in the breeding population because this is
the fundamental population of cumulative improvement.

Finally, the calculations of genetic gain represented in
Table 2 and 3 ignore the effects of inbreeding since it is
assumed that inbreeding which accumulates within each
subline can be released by outcrossing, and therefore not
carried through to the plantations. Calculations (which in-
volve theoretical considerations together with results of
experimentation by Dr A. R. GrirriN, CSIRO, on inbreeding
in P. radiata) have been made of the expected rate of in-
crease in inbreeding under some strategies, but are omit-
ted to avoid further lengthening the present article. It is,
however, worth mentioning that after say five generations
of improvement of P. radiata under open-pollinated mating
with mass selection the expected accumulation of inbreed-
ing in each subline may only reduce diameter at 6 years
about 6% below the mean predicted from the gains per
generation in Table 2. (Details of these calculations can be
obtained on request from the author.) Corresponding esti-
mates of inbreeding depression for single-pair mating
with individual (mass) selection and polycross mating with
mass selection were around 2% and 4%, respectively.

Rates of increase in inbreeding can be much greater
under combined index selection because of the potentially
strong component of family selection involved. It is com-
mon for breeders applying combined indices to reduce the
rate of inbreeding by setting some arbitrary limit on the
number of individuals which may be selected from any one
family. In breeding P. radiata in South Australia the limit
has often been set at retaining no more than five indivi-
duals per family. This type of mild restriction will lead to
some reduction in expected gain from the combined index,
but the decrease may be moderately small. (In future
studies the author intends to consider this option of im-
posing restrictions on combined index selection to reduce
inbreeding, and examine the effect the restrictions have
on reducing genetic gain).

General Discussion

The half-diallel mating designs which are presently em-
ployed in many pine breeding operations in Australia
(GriFFIN, 1976; MaTHEsON, 1978) and elsewhere (Burpon et al.,
1977; TaLBerT, 1979) can clearly produce maximum genetic
gains per generation when used in conjuction with combin-
ed index selection. However, under the generation inter-
vals assumed here, half-diallel mating with combined index
selection yielded less gain per decade (regardless of heri-
tability) than the much simpler approach of single-pair
mating with combined index selection. At heritabilities of
above h? = 0.3, polycross mating with combined index

selection also produced more gain per decade than options
involving half-diallel matings. These higher heritabilities
are reasonably common in tree breeding. For instance,
multi-trait selection indices reported by CorteriLL and Jack-
soN (1985) for P. radiata improvement in Australia had
individual heritabilities of between h? = 0.25 and 0.36.
(Although indices involving strongly adversely correlated
traits may be much more poorly inherited.)

The main problem with elaborate diallel (or Design 1I)
matings is that a very well managed and staffed breeding
operation is required to complete the numerous and in-
tricate controlled-crosses in a reasonably short period of
time (say three pollination seasons; Appendix 2). Indeed,
the 14 year generation assumed here for half-diallel mating
is probably optimistic compared with the 10 or 11 year
generations assumed for strategies involving simpler mat-
ing designs. Obviously the more simple the mating design
the better the chance of completing the controlled-crosses,
and therefore the generations, on schedule. (It was evident
in carrying out gain calculations for this study that an in-
crease of just one year in generation interval can have a
marked influence in reducing gains per decade.) Another
important problem with half-diallel matings is that in
practice they are invariably used in conjunction with smal-
ler population sizes (less than say 150 parents) and, while
the fewer parents reduce the work load in controlled-pol-
linations, the longer-term consequences may be signifi-
cantly reduced stability and flexibility of future breeding
populations. An overall population size of at least 300
parents may be required to provide a reasonably broad
genetic base to meet new selection criteria (e.g. resistance
to new diseases) which can arise over time (Burpon et al.,
1977; CotteriLL, 1984). One advantage of half-diallels which
should be noted is that the mating design does provide in-
formation on specific combining effects which may be uti-
lized through mass vegetative propagation or even two-
clone orchards.

The New Zealand Forest Research Institute (NZFRI) was
able to complete (in the late 1970’s) some 16 disconnected
5 X 5 half-diallel matings among 80 parents of P. radiata
in three seasons of controlled-pollinations on the ortets;
thereby achieving a generation interval of 11 years (Dr M.
D. WiLcox, NZFRI, pers. comm.). However, these 80 parents
represent only a part of the overall NZFRI breeding popu-
lation. It is unlikely that even an operation as well manag-
ed as P. radiata breeding in New Zealand could complete
half-diallel matings among 300 parents in less than a 14
year generation. A national cooperative for breeding P. ra-
diata in Australia has taken seven pollination seasons (be-
tween 1978 and 1984) to complete 21 disconnected 6 X 6
half-diallel matings among 126 parents in clone banks;
giving a generation interval in excess of 18 years.

The most important finding of this study is undoubtedly
that maximum or near-maximum gains per decade may
be achieved from simple mating designs, such as single-
pair or polycross matings, when they are used in conjunc-
tion with an efficient method of selection such as the com-
bined index or even mass selection. Single-pair mating (as
first proposed by Liesy, 1968) is already widely employed
in tree breeding, but often in conjunction with within-
family selection. While single-pair mating with within-
family selection may have advantages in minimising the
rate of increase in inbreeding, it was among the worst of
the strategies considered here in terms of genetic gain.
Breeders would be foolish to rely entirely on selection
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within families to improve trees. Polycross mating (pro-
posed by Burpon and SHeLBoURNE, 1971) does not appear to
have been used at all in tree breeding, at least in the pro-
grams reported in the literature. It is difficult to under-
stand why the incomplete polycross mating design has not
been better accepted by tree breeders because, like single-
pair matings, the option involves a minimum of controlled-
crosses. One potentially important advantage of incomplete
polycross mating compared with single-pair mating is that
under the former option the best half of the individuals
selected each generation may be assigned as female parents
and their breeding values determined (the other half of
the individuals being used as male parents in the pollen
mix). This information on breeding values of the best half
of the previous-generation selections would be very useful
for culling orchards. (Another important use of breeding
values which is presently being considered in breeding
eucalypts in southern Australia is to construct “best mate
indices”, described by CorreriLL, 1984, that should provide
maximum probability of generating outstanding families
in an elite “nucleus” population for mass vegetative pro-
pagation. It is intended to elaborate more on this approach
in future publications).

The majority of P. radiata breeding operations in Austra-
lia should be sufficiently well managed and staffed to con-
duct single-pair or polycross matings with say combined
index selection for a reasonably large breeding population
(a total of around 300 parents) in a reasonably short ge-
neration time (around 11 years). However these same breed-
ing operations (even when they are brought together in a
cooperative) have not been able to complete half-diallel
matings involving a relatively small number of parents
(126 parents) in anywhere near the 14 year generation in-
terval assumed here. This situation in Australia appears
to be typical of the capacity of many breeding operations
around the world. An important principle of tree breeding
is clearly that it is far better to satisfactorily conduct a
simple, less sophisticated breeding stratgey than to make a
poor job of an elaborate strategy. Another practical advan-
tage of simpler strategies is that the labour saved in say
controlled-pollinations may be used very profitably to
establish more offspring in the breeding population, and
therefore permit more intensive selection in the next ge-
neration.

In circumstances where breeders might lack the expertise
or computing facilities to employ combined index selection,
polycross mating with mass selection offers a very appeal-
ing alternative. This strategy represents one of the most
simple and inexpensive options available for breeding trees.
Breeding operations having only the most basic of resour-
ces, and few skilled staff, should be able to complete each
generation of this strategy in a short time (11 years for
P. radiata) and using a reasonably large population (300
parents). However, despite this simplicity and low cost,
polycross mating with mass selection can produce sub-
stantial gains per decade, particularly for traits of mode-
rate to high heritability. It is interesting to speculate that
if polycross mating with mass selection had been used when
P. radiata breeding began in Australia in the late 1940’s
the local operations may now have been into the fourth
generation of improvement rather than just entering the
second generation of more elaborate strategies. The cumu-~
lative genetic progress in P. radiata in Australia at present
could have been three or four times greater under the
mass selection option. (Another very simple strategy not
considered here is single-pair mating with mass selection
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which would, of course, produce the same expected gains
as polycross mating with mass selection).

The main argument against mass selection has been that
one or two parents may dominate the ancestry of indivi-
duals selected for future breeding, and thereby seriously
increase the level of inbreeding and, of course, restrict
the genetic base (Weir and Zoser, 1972; WEig, 1974; ROBERDS
et al., 1980). The problem is alleviated, at least to some ex-
tent, by sublining. In any case, the previously mentioned
calculations of inbreeding under different strategies sug-
gest that the expected levels of inbreeding after say five
generations of polycross mating with mass selection would
not be high.

Breeders who remain concerned about the possibility of
one or two parents dominating a subline under mass selec-
tion might consider retaining the female pedigree of off-
spring in the field, and selecting individuals en masse but
with the proviso of no more than say five selections per
family. Such a mild restriction may not greatly reduce
genetic gain and would act as insurance against serious
levels of inbreeding.

Open-pollinated mating with combined index selection
produced reasonable gains per decade, but the gains from
open-pollinated mating with mass selection were lower.
It is clear from Table 1 that the latter option cannot be ex-
pected to yield very substantial gains until there is over
10% selection (i.e. over 90% thinning) of pollen parents, but
such drastic silviculture is often not practicable in young
stands. The main problem with the open-pollination op-
tions may be their vulnerability to pollen contamination.
Pollen from plantations of seed orchard origin could be
particularly troublesome because of its effect in breaking
down the genetic uniqueness of each subline.

Open-pollinated matings have, nevertheless, been em-
ployed with considerable success in eucalypt breeding. For
instance, the well known improvement programs of Euca-
lyptus robusta and E. grandis in southern Florida both rely
on open-pollinated mating with combined index selection
(FrankLIN and MeskiMmeN, 1973, 1983). The two programs be-
gan in the early 1960’s and the E. robusta operation has
proceeded to the third generation of selection, while the E.
grandis operation is in the fourth generation (Frankuin and
MeskiMeN 1983). Another improvement program of E. gran-
dis using open-pollinated mating with family/within-fami-
ly selection was begun in South Africa in 1976 and has
reached the third generation (Dr G. van Wyk, FRI South
Africa, pers. comm.). An improvement program of black
walnut (Juglans nigra) in Indiana, USA, also employs open-
pollinated matings (McKeanp and Beinexe 1980).

The single-pair mating with within-family/progeny test
selection suggested by CorreriiL (1984) does not produce
adequate gains and will be replaced by either incomplete
polycross or single-pair mating with combined index selec-
tion in the breeding program for P. radiata in South Au-
stralia. The original breeding plan outlined in CorTerilL
(1984) was intended as a carefully considered “starting
point”, but never an ultimate plan. Many changes have
been made to the plan, including the one above, as a direct
consequence of having a well documented breeding policy
which can be read, understood, criticised and therefore
improved. However, most of the fundamental features of
the plan, namely the breeding objectives, hierarchy of
populations, low cost gene pool, best mate index, and so on,
remain unaltered.

The breeding strategies considered in this study do not,
of course, represent a complete list of all possible options.




- For instance, double-pair and circular matings are some-
times mentioned in the tree breeding literature as possible
alternatives (Namkoong, 1979). However, the gain equations
presented in this article can be used to show that the
responses per generation expected from say double-pair
mating with combined index selection are about the same
as the gains.from single-pair mating with combined index
selection, while the former option requires twice as many
controlled-crosses. Dr Pu. Barapar (INRA France, pers.
comm.) has mentioned nested (or Design I) matings with
combined index selection. The strategy has been employed
with some success in poultry breeding, and gain formula-
tions given in Ossorne (1957; Equation H) suggest that
nested mating with combined index selection may produce
only marginally lower gains than half-diallel mating with
combined index selection. However, the nested matings
again require at least twice as many controlled-crosses as
single-pair matings and would be expected to lead to a
longer generation interval. In other instances breeders may
wish to employ more than one mating design in a breeding
program (BurpoN and SHELBOURNE, 1971; Dr PH. BARADAT,
Dr G. van Wk, pers. comm.) and the gain formulations for
predicting response would need to be tailored to each parti-
cular case.

Conclusions

The strategies which are currently being used to improve
pines in Australia are almost certainly not producing as
much gain per decade as may be achieved from simpler and
less expensive options involving single-pair or polycross
matings with combined index selection or even mass selec-
tion. A similar situation is likely to be true in many tree
breeding programs around the world. The results of this
study suggest that tree breeders may be well advised to
disregard elaborate mating designs, and concentrate their
efforts on efficient selection and short generations.
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