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Changes in the Genetic Control of Growth of Radiata pine to 16 Years
and Efficiencies of early Selection

By P. P. Correrirr!) and C. A. Dean?)

(Received 7th July 1987)

Summary

Additive genetic and phenotypic variances and covari-
ances were estimated for height and basal area at about
2Yz, 41/2, 62, 10%2 and 16 years after planting in an open-
pollinated progeny trial of Pinus radiata in South Australia.
At about 11 years the trial was thinned to 45% original
stocking. Heritability and additive variance of annual
height increments were high between 2% and 6Y: years
after planting but declined sharply from 62 years (follow-
ing stand closure) to thinning. Heritability and additive
variance of basal area increments increased steadily with
time, particularly following thinning at 11 years. The phe-
notypic variance of growth increments increased with time
despite the fact the actual rate of height growth diminished.

Indirect selection of individual trees on either height in-
crements to 62 years (when trees were 10 m tall) or a
restricted index combining height and basal area incre-
ments to 6Y2 years may be expected to produce over 60%
more gain per year in volume at 16 years, compared with
later direct selection on volume 16 itself. Indirect selection
on traits measured at 10!/2 years produced less gain per

1) CSIRO, Division of Forest Research, The Cunningham Labora-
tory, 306 Carmody Road, St. Lucia, Brisbane 4064, Australia.
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year because of the extended generation interval. For early

traits having high heritabilities indirect individual selec-

tion proved more efficient than indirect family selection. -

Key words: Heritability, juvenile-mature correlations, early se-
lection, indices.

Zusammenfassung

Anhand einer Priifung frei abgebliihter Nachkommen-
schaften von Pinus radiata in Siidaustralien wurden addi-
tiv genetische und phénotypische Varianzen und Kovari-
anzen fiir Hohe und Grundfliche des StammfuBes etwa
2Y2, 4Y2, 612, 102 und 16 Jahre nach dem Auspflanzen ge-
schitzt. Im Alter von etwa 11 Jahren wurde der Versuch
bis auf 45% seiner Ursprungsdichte durchforstet. Die He-
ritabilitdt und die additive Varianz des jidhrlichen Hohen-
zuwachses waren in der Zeit zwischen 2%z und 6Y: Jahren
nach dem Auspflanzen hoch, nahmen aber nach 6% Jah-
ren (nach Bestandesschlufl) bis zur Durchforstung schnell
ab. Die Heritabilitdt und die additive Varianz der Zuwéch-
se im Bereich der Grundfliche des StammfuBes stieg mit
der Zeit bestdndig an, besonders nach der Durchforstung
im Alter von 11 Jahren. Die phinotypische Varianz der Ho6-
henzuwichse erhdhte sich mit der Zeit, trotz der Tatsache,
daB sich die aktuelle H6henzuwachsrate verringerte.

Silvae Genetica 37, 3—4 (1988)



Bei einer indirekten Selektion auf Einzelbdume aufgrund
der Hohenzuwichse bis zum Alter 62 (als die Bidume 10 m
hoch waren) oder mit Hilfe eines eingeschrinkten Index’,
der Hohen- und Grundflidchenzuwichse bis zum Alter 6Y2
kombiniert, wird ein um mehr als 60% héherer Gewinn im
Volumen im Alter 16 erwartet, als bei einer spiteren di-
rekten Selektion auf das Volumen im Alter 16. Eine indi-
rekte Selektion auf die im Alter 10Y2: gemessenen Merk-
male ergab aufgrund der ausgedehnten Generationsinter-
valle weniger Gewinn pro Jahr. Fiir Friihtestmerkmale
mit hohen Heritabilitdten zeigte sich indirekte Einzelaus-
lese als effizienter als indirekte Familienauslese.

Introduction

The genetic improvement of forest trees is based largely
on selection and mating of relatively young trees showing
superior performance during early phases of growth. This
early selection is used to minimise the generation interval.
However, the aspiration of breeders is invariably to im-
prove lifetime productivity of plantations over a number
of thinnings and final clearfelling. In the case of radiata
pine (Pinus radiata D. Don) in South Australia superior
trees are normally selected for growth and other attributes
at around five to 12 years #fter planting with the hope of
improving total productivity over a 30 to 40 year plantation
rotation. The success of early indirect selection will depend
on the heritabilities of the early and mature traits and, of
course, on the genetic associations between these traits.

The tree breeding literature contains reports of efficien-
cies of early indirect selection. However, many of these
studies are based on phenotypic (rather than genetic) as-
sociations between early and mature traits and the effi-
ciency calculations must therefore be interpreted with
caution (e.g. WakeLEyY, 1971, for P. elliottii, P. taeda, P. pa-
lustris and P. echinata; SquiLLace and GanseL, 1974, for P.
elliottii; SteiNnuorr, 1974, for P. ponderosa and P. monticola;
Lameetn et al., 1983, for P. taeda). Namkoong et al. (1972),
NamkoonG and Conkie (1976), FrankLIN (1979) and LAMBETH
et al. (1983) studied family variances and covariances for
P. ponderosa, P. taeda and Douglas-fir (Pseudotsuga men-
ziesii over extended periods of time. FrankuiN (1979) also
examined genetic parameters of early and mature traits
of P. elliottii but did not attempt to calculate efficiencies of
early indirect selection for mature performance. LAMBETH
(1980) reanalysed data from many of these earlier studies in
an effort to develop guidelines for early selection. His
main conclusion was that selection of individual trees at
around six to eight years after planting should be reason-
ably efficient, depending on the length of the plantation
rotation. However, there are no published estimates of
efficiencies of early indirect selection for P. radiata.

The aim of this study is to examine trends in additive
genetic variances, heritabilities and genetic associations
among growth traits of P. radiata to 16 years after plant-
ing at one site near Mount Gambier, South Australia. The
genetic parameters estimated are used to determine effi-
ciencies of early selection of both individual trees and
families.

Materials and Methods

Site, Silviculture and Measurements

Mount Gambier (lat. 37°45’S., long. 140°47’E., elevation
65 m a.sl.) has a mediterranean-type climate with an
average annual rainfall of 710 mm. The experimental site
is on a deep, moderately fertile, sandy soil. Previous vege-
tation consisted of improved grazing pasture.

The progeny trial (identified locally as trial 5031) in-
volved open-pollinated offspring of 28 female parents
which were selected for superior growth and form in gene-
tically unimproved plantations (CorteriLL and Zep, 1980).
The open-pollinated seed was collected in 1968 from the
then unculled Tallaganda clonal orchard (New South Wales)
established in 1957. Seedlings were raised in a nursery
near Mount Gambier with each family grown in one un-
replicated nursery plot.

Eight-month old, open-rooted seedlings were lifted from
the nursery and planted in June 1969 at a spacing of 2.1 X
2.1 m. Strong competition occurred from unchecked growth
of pasture grasses (particularly Phalaris tuberosa) until
the canopies of the trees began to close about five years
after planting. The field layout of the progeny trial in-
volved six-tree row plots of each family replicated across
12 randomised complete blocks: giving 2016 trees planted
(72 trees per family). A total of 1969 trees survived to thin-
ning which occurred between February and June 1980.

At thinning (commencing February 1980) the first tree
in each six-tree plot was removed as an outrow. Of the
remaining trees in each plot, the two individuals having
the smallest diameter and poorest form were also felled.
Strong winds occurred after this initial thinning and fur-
ther trees had to be removed in June 1980 because of broken
tops or severe leaning. On a few occasions the wind damage
necessitated removal of entire plots but mostly two or
three trees remained per plot leaving a total of 894 trees
in the entire experiment (between 26 and 36 trees per
family).

Tree height was measured in December 1971 (2Y/: years
after planting), diameter (over-bark at 1.3 m above ground)
was measured in December 1973 (4Y/2 years), and height and
diameter (over-bark at 1.3 m) in December 1975 (6Y2 years),
November 1979 (10Y%2 years; prior to thinning), and May
1985 (16 years; at the time of a second thinning). The dia-
meters measured at 1.3 m were converted to cross-sectional
areas of stem (over-bark) and hereafter referred to as
basal areas. (Basal area was preferred to diameter for
studying trends in size and variance of trees over time).
Annual increments of height and basal area growth were
calculated for the intervals between each measurement.
Diameter (under-bark) at 1.5 m and 7.5 m were also meas-
ured in May 1985 and, together with height, used to cal-
culate stem volume at 16 years according to volume models
for P. radiata in South Australia (Lewis and MCcINTYRE,
1963).

Data Analyses
Analyses of variance were carried out using the following

model — (1)

ijl =u + aJ.

+ b + abj + e, (1)
where Yy represents an individual tree observation, u the
overall mean, a; the effect of the jth open-pollinated fami-
ly, by the effect of the kth randomised block, ab;, the
family X block interaction, and e;;; the within-plot error.
The analyses were based on both (a) data for all 1969 trees
surviving to thinning at 11 years (called the unthinned
population), and (b) data for only the 894 trees retained
after thinning and measured at 16 years (the thinned popu-
lation).

Components of variance due to families (oy), family X
block interactions (¢%;) and within-plot error (¢%,) were
calculated according to expectitions of mean squares given
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in Table 1. The open-pollinated offspring were assumed
half-sib and additive genetic variance (denoted ¢2%,) for
each trait was calculated as 40%. Isozyme analyses suggest
there was over 90% outcrossing in the Tallaganda orchard
(MoraN et al., 1980) and the assumption of halb-sib progeny
especially after thinning, seems reasonable. Phenotypic
variance (o?;) was calculated as the sum of o%, o%, plus
o?, (i.e. denominator of Equation 2). Heritabilities were
calculated on an individual tree (h%) and family (h?%) basis
in the manner detailed in Correrir and Zep (1980) and
elsewhere — (2) and (3)

h? = 02/02
i a p
2 2 2 2.
= Aof/(cf + Op +0) (2)
2

2
= GE/(mean squares for families/ks)

2 2
b Kolks + o, /ks) (3)

= o%/(c? + 0
where the k coefficients are taken from Table 1. Standard
errors of h? were determined according to Swicer et al.
(1964). Additive genetic correlations (r,) were calculated
from the analyses of variance and covariance of individual
tree data. Standard errors of r, were estimated according
to TaLuis (1959). Phenotypic correlations (r,) were calculated
on an individual tree basis.

In preliminary analyses individual tree data were con-
verted to plot means and additive genetic correlations re-
calculated from analysis of covariance of this reduced data.
The r,’s estimated from plot mean analysis were almost
identical to the r,’s estimated from individual tree analysis
and, therefore, only the latter values have been presented.
The purpose of the plot mean analysis was to check the as-
sociations between early traits as measured for all trees
in the unthinned population and mature traits measured
in the truncated population after thinning.

Selection Indices

Selection indices were used to combine early traits
(measured at 10Y2 years or sooner) and volume at 16 years;
with a Biner restriction (Biner, 1965; CorTERILL and JACKSON,
1981) on the latter “mature” trait. The BINeT restriction is
intended to maximise indirect genetic response in traits
which are of economic value but for some reason (usually
time or cost) are not actually measured. In this case the
Binet restriction is used to maximise indirect response in
volume at 16 years which is included in the index but, in
the interest of minimising generation interval, is not meas-

Table 1. — Expectations of mean squares for analyses of variance.

Source d.f. Expected mean squares?
2 2 2

Block 11 o, * k1 Stp * kl. Sy

. 2 2 2
Family 27 Ow + k2 [-re + k5 of

i b C 2 2
Family x block 297b/288 9, + kg ofb
Within-plot error 1633b/567¢ 05

2) The variance component u’b is due to blocks, a’f families, "'tb
family X block interactions, and a’w within-plot error. The
coefficients of variance components relevent to estimating
heritability were estimated according to the direct approach
of Harvey (1960) as k, = 5.879, k, = 5.858 and k; = 70.312 for
unthinned data and k, = 2.819, k, = 2.772 and k; = 31.853 for thin-
ned data.

b] Degrees of freedom for unthinned data.

€) d.f. for thinned data.
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ured. The economic weightings placed on volume at 16
years in this study were 100 times greater (per unit pheno-
typic standard deviation) tham weightings placed on early
traits.

The application of the Biner restriction requires know-
ledge of additive genetic and phenotypic variances and
covariances (correlations) between all traits in the index
including the mature trait (or traits) on which the restric-
tion is applied (CorreriL and Jackson, 1981). If the restric-
tion were used in practice to select indirectly on early
traits a priori estimates would of course be required of the
likely correlations between early and mature traits and
the heritability of the maure trait. Such estimates will
become increasingly available from the literature over the
next few years (at least for P. radiata). It is worth stressing
that the fundamental appeal of the Biner restriction in this
instance is to attempt to create (using genetic and econo-
mic information) a rational and objective breeding goal;
namely maximising gain in mature economic performance.
In the case of unrestricted indices combining early traits
the selection goal is merely to maximise gain in early
performance which, in itself, is of trivial commercial
value.

Ejfficiency of Early Indirect Selection

The efficiency (Q) of indirect selection on a trait 1 (say
height at 2Y2 years) to achieve maximum gain in trait 2
(volume at 16 years), compared with direct selection on
trait 2 itself, can be determined on a per generation basis
as — (4)

Q _ gain in trait 2 under indirect selection on trait 1
gain in trait 2 under direct selection on trait 2

. . 2
(11 h1 h2 T (Jpz)/(l2 h2 OPZ). (4)

The i, and i, represent the standardised selection dif-
ferentials for indirect and direct selection, respectively; r,
represents the additive genetic correlation between traits
1 and 2; h; and h, the square root of the heritabilities of
the traits; and o*; the phenotypic standard deviation of
trait 2. The parameters on the right hand side of Equation
4 may be calculated on an individual or family basis de-
pending on whether selection is for individual trees or
families. If i, = i,, Equation 4 reduces to — (5)

Qgen = (r, hy/hy) x 100%

(5)
where Q. is expressed as a percentage.

The validity of the assumption i, = i, used in deriving
Equation 5 is open to debate (LamserH, 1980). In practice the
death and silvicultural thinning of trees over time would
tend to reduce the intensity i, of direct selection on mature
traits. Therefore i, may often be less than i, and Equation
5 would tend to underestimate the efficiency of early
selection.

The efficiency of indirect selection can also be determin-
ed on a per year basis (LAmBETH, 1980) as — (6)
Qear = (ry by 25/h) 2)) x 1007

(6)

where 1; and 1, are the generation intervals (in years) of
indirect and direct selection. The generation intervals ac-
tually used in this study are 1, = 13, 15 or 19 years for
indirect selection on early growth traits measured at 42,
6Y2 or 10Y: years, respectively, and I, = 25 years for direct
selection on volume at 16 years. These intervals are cal-
culated by subtracting or adding years (depending on the



age at selection) to the time-table of operations given in
CorreriLL (1986; Appendix 2) for breeding P. radiata.

Results and Discussion

Table 2 lists overall means of growth traits calculated
using data for all trees surviving to thinning (unthinned
population) and trees retained after thinning at 11 years
(thinned population). It is evident from the overall means
that rapid growth occurred in the measurement periods be-
tween 2Y2 or 4!/ years and 6% years with annual incre-
ments (referred to as AHT2Y.—6Y: and ABA4Y2—62) of
2.1 m year—! for height and 45 cm? year —! for basal area in
the unthinned population (Table 2). Basal area growth
declined markedly to 29 cm? year—! between 6%z and 102
years, presumably due to stand closure and increasing
competition. However, any increase in competition in the
stand did not greatly reduce height growth which averaged
1.9 m year—1! between 6Y2 and 10Y2 years.

The thinning of trees at 11 years was not highly selec-
tive for growth and did not have a dramatic effect on the
population means. For instance, the mean basal area at
10Y2 years was only moderately larger in the thinned
population (304 cm?; Table 2) compared with the unthinned
population (282 cm?). The mean heights of the two popula-
tions at 102 years were almost identical (17.6 m c.f. 17.1 m;
Table 2).

There was a marked increase in basal area growth after
thinning with ABA10Y>—16 averaging 43 cm?2? year—1
However, height growth failed to respond to thinning with
AHT10Y2—16 averaging a relatively low 1.2 m year—!. At
16 years after planting the trees had reached 24.3 m mean
height, 539 cm? mean basal area (over-bark at 1.3 m) and
508 drn® mean volume (under-bark).

Parameter Estimates for Height Traits

(1) Variances and Heritabilities: Comparison of variance
components in Table 3 for the thinned and unthinned popu-
lations illustrate the consequences of thinning per se in
simply truncating the data. These effects are distinct from
the consequences of thinning in altering stand structure
and thereby influencing subsequent patterns of growth
and variability over time.

Table 2. — Overall means (*+ standard deviations) of growth traits
for the unthinned and thinned populations of trees.

Growth trait@ Unthinned Thinned

population population
Age 2% and 4% years
Height 21 (m) 1.640.25 1.640.20
Basal area 4} (cm?) 744240 76421.6
Age 6} vears
Height 63 (m) 9.841.0 10.14+0.8
Basal area 63 (cm2) 168+48.5 175442.2
LHT 24-63 (m 'ear‘lg 2.140.20 2.140.17
ABA 4461 (cm?year-ly 45+13.6 48+412.0
Age 10§ years
Height 103 (m) 17.0141.7 17.641.3
Basal area 103 (cm?) 2824101 304+88. 5
AHT 61104 (m vear‘]% 1.940.2% 1.940.23
4BA 63-103 (cm?year-1) 204151 13+13.7
Age 16 years
Height 16 (m) 24.342.5
Basal area 16 (cm?) 5394197
Volume 16 (dm3) 508+228
MT  103-16 (m ear"} 1.240.31
BA 103-16  (cméyear—1) 43422.6

a) Height 2Y/: refers to height at 2Y: years after planting, basal
area 4t/: refers to basal area at 4!/: years, and so on.
AHT?2/:—6!/: refers to the annual increment of height growth be-
tween 2Y/: and 6!: years, ABA4'/:—6!/: refers to the annual in-
crement of basal area between 4'/: and 6': years, and sO on.

Table 3. — Individual heritabilities (h’i + standard errors), additive
genetic variances (o® _) and phenotypic variances (a’p) for height
traits in the unthinned and thinned populations.

Height Unthinned population Thinned population
trait 2 2

hi+s.e. 3 o} hi+s.e. o3 o}
AHT 23— 65 0.33+.11  0.01308  0,0395P  0.443+.17  0.01178  0.0265b
AHT  63-10)  0.133.05 0.0092  0.0731  0.09+.07 0.0038  0.0416
AHT 10%-16 0.13+.08  0.0116  0.0924
leight 2}  0.164.06 0.0120  0.0767  0.20+.10 0.0128  0.0627
Height 63  0.29+.09  0.2450  0.8563  0.36+.15 0.2018  0.5648
Height 10§  0.30+.10  0.7562  2.5411  0.32+.14  0.437) 1.3664
Height 16 0.19+.10  1.0584  5.6450
ay g2 = 4o’f, where a’f is the variance due to families.
b

) ot = a’f + "!fb + a’w, where asz and o’w are variances due to
family X bock interactions and within-plot error.

It is apparent from comparing the thinned and unthinned
populations that the truncation of data consistently led to.-
a decline in phenotypic variances (agp) of height traits
measured prior to thinning (i.e. the 22, 612 and 10Y/z: year
traits; Table 3). The reduction in phenotypic variance was,
as might be expected, more marked for 10Y: year traits
measured closer to the time of thinning. The truncation of
data also had the effect of reducing additive genetic vari-
ances (¢2,) of all height traits except the earliest height 22
(Table 3). In general the reduction in ¢%, was greater than
the reduction in o2, and individual heritabilities tended to
be higher in the thinned (or truncated) population (with
the exception of AHT6Y2—10%2). The individual heritabi-
lities of AHT2'2-—6%2 and height 6/2 were increased fairly
markedly by the truncation from high values of h% = 0.33
and 0.29, respectively, to even higher values of h% = 0.44
and 0.36 (Table 3). However, differences between the two
populations in heritabilities of other height traits were
relatively small.

The thinning carried out in the present trial was, as
previously mentioned, not highly selective for growth with
many trees removed for poor form, wind damage or as
out-rows. MartuesoNn and Raymonp (1984a) also found that
non-selective truncation of data had little influence on
heritabilities of growth of P. radiata. However, these
authors report large increases in heritability when data
were truncated on the computer in a strictly selective
manner removing the smallest trees in each plot regardless
of other considerations. This sort of highly selective thin-
ning on one trait is perhaps rarely likely to occur in prac-
tice.

Subsequent discussion of genetic parameters will focus
on trends over time rather than the effects of truncating
data. Emphasis is placed on changes in variance compo-
nents in the thinned population since this group of trees
are continuous from planting to the final measurement at
16 years. However, attention will be drawn to discrepancies
between the two populations.

The magnitude of additive variance for annual height in-
crements declined between the 2Y2—612 year and 6'/:—10/2
year periods of measurement (Table 3). As a consequence
of the decline in ¢%, there was an abrupt decrease in heri-
tability in the thinned population from h? = 044 for
AHT2Y>—62 to h? = 0.09 for AHT6Y2—10Y2. The same
trend occurred in the unthinned population although the
decline in 6%, was not as great. This change in expression
of additive variance coincides approximately with stand
closure and increasing competition in the stand prior to
thinning. The level of ¢, increased for height growth fol-
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- lowing thinning but 62,) was also high and, therefore, heri-
tability remained relatively low (h% = 0.13 for AHT10%2—
16; Table 3).

The cumulative effects of additive variances and herita-
bilities of height increments were reflected, to some extent,
in changes in the heritabilities of absolute height over time.
For instance, the strong expression of additive variance of
height increment between 2!/ and 6!z years led to a
substantial increase in o2, (and heritability) for absolute
height at 6'2 years compared with height 2!2 (in both the
thinned and unthinned populations; Table 3). Between 6%
and 10Y2 years the heritabilities of absolute height remain-
ed fairly stable as both o2, and ¢%, increased evenly
with the increasing size of trees. There was a decrease in
heritability of height 16 because, following thinning, 0%
increased far more than ¢2,. Other published estimates of
heritability of height of P. radiata (CorteriLL and Zep, 1980;
DEeaN et al., 1983; MatuesoN and Raymonp, 1984b) each ex-
amine absolute height measured at relatively uniform ages
‘{mainly between six and 11 years after planting) and pro-
vide little evidence to either confirm or deny the trends
reported here.

Namkoonc and Conkire (1976) and Frankun (1979) also ob-
served fairly' abrupt changes in additive genetic variance
of absolute height of P. ponderosa and Pseudotsuga men-
ziesii at around the time of stand closure. FrankrLin (1979)
actually used changes in additive genetic variance and
heritability of absolute height to attempt to define “genetic
phases” of stand development. However, it seems from the
results reported in Table 3 that changes in genetic variance
of growth increments (rather than absolute measurements)
may provide a more sensitive guide to changing phases of
stand development.

In the present study there appeared to be a juvenile
phase of stand development characterised by rapid growth
increments as trees strived to attain dominant positions in
the canopy. During this juvenile phase trees were able to
express their full genetic potential for height growth and
levels of additive variance and heritability were high. A
more mature phase of stand development was reached fol-
lowing the closure of crowns when trees probably became
increasingly locked into dominant, co-dominant or suppres-
sed positions in the canopy. Although the average growth
in height was still reasonably rapid during the period be-
tween stand closure and thinning the increased competition
seemed to diminish additive genetic control over height in-
crements, as characterised by diminishing levels of ¢%, and
h?. (It will be seen later that increasing competition had
the opposite effect on basal area increments and led to
large increases in o%,). Perhaps the most important change
in variance components of height increments were the
substantial (almost twofold) increases in ¢%; from one period
of measurement to the next (i.e. from 2Y2—6Y2 to 61/2—10%:
to 10%2—16 years). These increases in ¢%, are despite the
fact that the rate of height growth was steadily diminishing
from one period to the next. The inflation of phenotypic
variance of height increments over time may be due to
competition allowing taller trees to continue growing tal-
ler while shorter trees become increasingly suppressed
(even after thinning).

Thinning the stand at 11 years opened the canopy and
allowed better expression of additive genetic potential
(higher ¢2,) for subsequent height growth. However, the
phenotypic variance of post-thinning height increments
also increased and heritability remained low. It is interest-
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Table 4. — Additive genetic (ra + standard errors) and phenotypic
(rp) correlations between height increments or absolute measure-

ments of height in the thinned population.

lleight AHT AHT AHT
trait 24-64 63-104 104-16
T 23— 6} .81+.238 414,26
MT  63-10% L 443,37
AHT 10}-16 .37 .18 -
Height 2} Height 6} Height 10} Height 16
Height 2% 264,262 L 244,27 -.12+.31
Height 6} L 54b .98+.0% L79%.12
Height 103 .34 J74 L 84+.09
Height 16 .34 .65 .76 -

8) Additive genetic correlations above the diagonal.
b) Phenotypic correlations below the diagonal.

ing to speculate whether very early thinning of the stand
(before the initial closure of crowns) may have extended
the juvenile phase of highly inherited height increment
growth. This sort of early thinning silviculture is common
in P. radiata in New Zealand and could prove a useful tool
for prolonging the effectiveness of height increment as an
early selection criterion. This would be contirary to Frank-
LIN’S (1979) proposal to grow progeny trials at close spacings
in the hope of inflating o2, by intense early competition.

(2) Correlations: The additive genetic association between
the two periods of height increment measured prior to
thinning proved highly positive. In the case of the thinned
population the genetic correlation between AHT2Y>—6Y-
and AHT6%2—10Y: was r, = 0.81 * 0.23 (Table 4). Although
results are not presented, the corresponding correlation
between AHT2Y2—6Y: and /AHT6Y2—10Y. estimated for
the unthinned population was even higher at r, = 0.90 *
0.06. However, the genetic associations between pre-thinn-
ing height increments and the post-thinning AHT10Y.—16
increment were weaker (r, = 0.41 and 0.44; thinned popula-
tion Table 4). Phenotypic correlations between height in-
crements were also positive but always lower in magnitude
than corresponding genetic coerrelations. The lower magni-
tude of phenotypic correlations compared with genetic cor-
relations has implications in interpreting results of some
previous studies of efficiency of early indirect selection
which are based only on phenotypic associations between
early and mature traits.

Genetic correlations between absolute heights showed a
steady decline as pairs of measurements became more
distant in time. Height 22 was poorly positively correlated
with height 62 (r, = 0.26) and height 10%z (r, = 0.24), but,

Table 5. — Individual heritabilities (h®, + standard errors), additive
genetic variances (a’_ ) and phenotypic variances (a’n) for basal
area traits in the unthinned and thinned populations.

Basal area
trait

Unthinned population Thinned population

hlis.e. a3 a2 hlos.e. a2 a
ABA  bY- 6% 0.1040.05 19.263 185.79P  0.13+0.08  18.528  139,46b
ABA 6%—10% 0.2140.07 47,04 228.08 0.30+40.13  55.48 184,25
ABA 10%-16 0.4430.16 238.84 543.26
Basal area 4} 0.07+0.04 43.88 588.58  0.0840.07  34.81 453.75
Basal area 63 0.08+0.04 196.3 2350.9  0.10+0.07  166.2 1717.5
Basal area 10§ 0.1540.06 1567 10137 0.2140.11 1571 7615
Basal area 16 0.3740.15 14731 40018

a) a’a =4 ozi, where azf is the variance due to families.
b 2 = 42 2 2 2 i
) o o = %t + agfb + ¢ W’ where ¢ Iy and ¢  are variances due to

family X block interactions and within-plot error.




negatively correlated with height 16 (r, = —0.12; Table 4).
Negative correlations between very early juvenile height
and post-thinning height were also observed by NamkoonG
and Conkie (1976), FrankLiN (1979) and Lamsetu (1980) for
a range of species. It seems likely that this switch in sign
(positive to negative) of juvenile-mature correlations is due
to a steady diminishing over time of the effects of pre-
planting factors such as nursery environment and seed
weight. Analysis of the unthinned population again reveal-
ed somewhat higher genetic correlations than those report-
ed in Table 4 for absolute heights measured to 102 years
(e.g. r, = 045 £ 0.19 between height 2%z and 62; r, = 0.31
+ 0.22 between height 2> and 10Y%2; and r, = 0.99 * 0.01
between height 62 and 10%2 in the unthinned population).

Parameter Estimates for Basal Area Traits

(1) Variances and Heritabilities: It is evident from com-
parison of the unthinned and thinned populations that the
truncation of data consistently led to a reduction in o%,
for basal area traits measured to 102 years (T'able 5). Like-
wise, the truncation often led to a reduction in o2, (except
for ABA6Y2—10Y2 and basal area 10Y2), but any decline in
o%, was always less than the corresponding decline in o7,
Heritability, therefore, was consistently greater in the
thinned population.

As far as changes in variance of basal area increments
over time are concerned the most important trend was a
large and consistent increase in 6%, in both the unthinned
and thinned populations. Phenotypic variance also increas-
ed in both populations from one period of measurement to
the next but not as much as o?,. Heritability therefore in-
creased from h? = 0.13 for ABA4Y2—6'/z to h% = 0.30 for
ABA6Y2—10%2 to h%* = 044 for /A\ABA10Y>—16 (thinned
population; Table 5). The same sort of trend was evident
for additive variances and heritabilities of absolute meas-
urements of basal area. The increase in 0%, from one period
of measurement to the next was of about the same propor-
tion for basal area increments as previously observed for
height increments (Table 3 c.f. Table 5). However, the in-
crease in o%, for basal area increments is clearly contrary
to the decline in 6%, observed for height increments between
about the time of stand closure and thinning. LAMBETH
et al. (1983) also reported similarly large increases in o2, of
conical volume of P. taeda over consecutive thinnings, but
generally found only marginal increases in o2, of corre-
sponding height measurements.

One explanation for the increase in o%, of basal area
growth over time is the effect of competition tending to in-

Table 6. — Additive genetic (ra + standard errors) and phenotypic
(rp) correlations between basal area increments or absolute meas-
urements of basal area in the thinned population.

Basal area A BA BA
trait 45-64 63-10% 104-16
s

MBA 43~ 6% .93+.063 .89+.12
BA 63-10% .76b .95+.04
BA 10-16 .55 W74

Basal Basal Basal Basal

area 4} area 63 area 10% area 16
Basal area 43 L78+.172 .29+.35 .10+.36
Basal area 63 .89b .87+.09 .73+.17
Basal area 10} .71 .90 .96+.03
Basal area 16 .54 W72 .88

) Additive genetic correlations above the diagonal.
b) Phenotypic correlations below the diagonal.

flate the variance between families as larger families be-
come increasingly dominant and smaller families increas-
ingly suppressed (CorreLL and ANDERsON, 1983). The average
growth in basal area of the stand was definitely influenced
by competition prior to thinning. However, the particularly
large increase in o2, following thinning may have been due,
at least in part, to trees greatly improving their rate of
growth in girth and thereby allowing better expression of
genetic potential for basal area increment.

(2) Correlations: Genetic correlations between ABA4Y>—
6Y2, ABA6Y/>—10Y2 and ABA10Y2—16 in the thinned popu-
lation were consistently highly positive (r, > 0.89) with low
standard errors (Table 6). Although results are not present-
ed, the corresponding genetic correlations to 10Y2 years in
the unthinned population were even higher than those for
the thinned population (as was the case for height traits).

Genetic correlations between absolute basal areas were
generally lower in magnitude than those between basal
area increments, and declined to a far greater extent as
pairs of measurements became increasingly distant in time.
For instance, basal area 4Y2 was reasonably strongly cor-
related with basal area 6Y%: (r, = 0.78), poorly correlated
with basal area 10¥2 (r, = 0.29), and very poorly genetically
correlated with post-thinning basal area 16 (r, = 0.10; Ta-
ble 6). Absolute basal areas measured at 6%z, 10%2 and 16
years were all reasonably strongly genetically correlated
(r, = 0.73) with relatively low standard errors.

Phenotypic correlations between basal area increments
were consistently positive but much smaller in magnitude
than corresponding genetic correlations. However, phenoty-
pic correlations among absolute basal area measurements
were generally larger than corresponding genetic correla-
tions.

Early Selection of Individual Trees

Table 7 lists heritabilities, together with genetic and
phenotypic associations between early growth traits (meas-
ured up to 10Y2 years after planting) and volume 16. Also
given are the corresponding efficiencies of indirect selec-
tion of best individual trees or best families for each of the
early traits. The parameters presented in .T'able 7 are for
the thinned population only and discussion concentrates on
this population which is continuous from planting to 16
years. However, comparison is sometimes made with effi-
ciencies of early selection estimated for the unthinned
population. Note that volume 16, rather than height 16 or
basal area 16, has been used as the mature trait to measure
efficiency of indirect selection because improving volume
production is presently the major objective of breeding
P. radiata.

Indirect selection on the earliest traits, height 2Y: and
basal area 42, proved very inefficient. Selection on height
2> would actually be expected to cause a decline in volume
at 16 years due to the negative genetic correlation r, =
—0.18 observed between height 2Y2 and volume 16 (T'able 7).
Indirect selection of individual trees on basal area 42
would be expected to produce no more than 12 % of the
response in volume 16 achieved by direct selection, even
where efficiency is calculated on a per year basis to take
account of the shorter generation interval under indirect
selection (i.e. Qyesy = 12% for basal area 4'/2; Table 7).

The poor reliability of height 2¥2 as a criterion for early
selection in the present study may be due, at least in part,
to slow growth of trees over the first two years after plant-
ing. The trees had reached a mean height of only 1.6 m at
21, years (see overall means, Table 2), but then grew at a
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Table 7. — Individual heritabilities (h*i), additive genetic correla-
t:ions (ra + standard error) and phenotypic correlations (r ) be-
tween early growth traits and volume at 16 years in the thinned
population, and resulting efficiencies per generation (Q en) and
per year (dear) of early indirect selection of individual trees for
volume 16. Also given are corresponding heritabilities (hff) and
efficiencies per generation calculated on a family basis.

Early Individual tree basis Family basis
trait :

h? Tats.e T Qgen®  Qyear® hz Q nb

i .e. "
S ¢S T 3]

Height 2% .20 -.18+.27 .33 .55
Basal area 4} .08 L13+.35 0 .49 6 12 .34 9
Height 6% .36 .81+.10 .66 80 133 L7 78
Basal area 63 .10 L75+4.17 .68 39 63 LAl 55
AHT 23-63 .44 .89+.07 .63 97 162 .77 90
ABA 45-63 .13 .98+.07 .73 58 97 .49 79
Index 63¢ .43 .91+.06 .71 98 164 .76 91
Height 103 .32 .87+.07 .72 81 106 .67 82
Basal area 10% W21 .97+.03 .86 73 96 .63 88
AHT 63-10% .09 .89+.18 43 44 58 .36 61
ABA 6%-10% .30 .99+.02 .88 89 117 .72 96
Index 104d .46 .95+.04 .81 106 139 .79 97

2) The efficiencies of early individual selection were calculated
with h*i = 0.37 + .15 for volume 16.

b) Efficiency of early family selection calculated with h=f = 0.76
for volume 16.

C) Index 6Y: combines AHT2Y:—6!: and ABA4!/:—6Y: with a Biner
restriction on volume 16.

dy Index 10%: combines AHT2!Y:—6'2, ABA4Y/>—6'2, AHTEY2—10Y2
and ABAG6Y:—10Y: with a Biner restriction on volume 16.

rapid 2.1 m year—! over the subsequent period from 2%
to 6Y2 years. If competition from grasses and weeds had
been controlled by regular herbicide application during the
first two years (which is now routine practice in newly
established P. radiata plantations in South Australia) the
immediate post-planting growth of trees would have been
far more rapid, and height 2% may have been a more
reliable guide to later performance. Namsiar and Zep (1980)
report a mean height of 1.8 m at only 17 months for P. ra-
diata grown under weed-free conditions on a comparable
site.

There was a marked improvement from 2Y2 or 4%z year
growth traits to 612 year traits in additive genetic correla-
tions with volume 16 'and efficiencies of early selection.
This is perhaps not surprising in view of the fact that the
trees grew from an average 1.6 m in height at 2% years to
around 10 m at 6%z years (Table 2). In general, the efficien-
cies of early indirect selection at 62 years were much
greater for selection on height traits compared with basal
area traits, and greater for indirect selection on increments
compared with absolute measurements. The height in-
crement AHT2Y2—6Y2 and a restricted index (referred to
as index 6Y%2) combining AHT2Y2—6Y2 and ABA4Y>—6Y2
appeared to be particularly reliable traits for early selec-
tion having both high heritabilities and strong genetic
correlations with volume 16 (r, = 0.89 * 0.07 and 0.91 *+
0.06; Table 7). Indirect selection of individual trees on
/A\HT2Y2—6'/2 should yield 97% of the response per genera-
tion and 162% of the response per year in volume 16 ex-
pected from direct selection (i.e. Qgep = 97 % and Qg,,, =
162%; Table 7). Corresponding efficiencies for the index 6%/2
were Qge, = 98% and Qye,, = 164%. The basal area in-
crement /\BA4Y2—6/2 had a very strong genetic correlation
of r, = 0.98 * 0.07 with volume 16. However, the low heri-
tability of ABA4'2—62 reduced the response per year
expected in volume 16 from indirect selection to marginally
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less than that expected from direct selection (i.e. Qpe,y =
97%, for ABA4Y>—6%/2; Table 7).

It is interesting to note that the much higher heritability
of AHT2Y2—6'2 compared with ABA4Y>—6Y. caused the
former trait to receive overwhelming emphasis in the in-
dex 6%2. This readily apparent from the equation actually
computed for solving index 62— (7)

Index 63 = 34.5 P+ 0.1 P, (7)
where P, and P, represent the phenotypic values of indi-
vidual trees for AHT2Y2—6Y2 and A\BA4Y2—6%2, respecti-
vely. Indeed index 6% and AHT2!Y2—6'. are essentially
the same trait having almost identical heritabilities, cor-
relations and efficiencies (Table 7). In circumstances such
as this where one early trait is much more highly heritable
than other traits and is strongly correlated with mature
performance there may be little practical benefit from
using restricted indices. It may be equally efficient and
more simple to base indirect selection on the highly her-
itable trait itself.

Absolute measurements of height and basal area at 6%
years proved to be less strongly genetically correlated with
volume 16 than was the case for corresponding increments
to 62 years. However, the high heritability of height 6%
made it a reasonably efficient trait for early selection with
Qyear = 133% (Table 7). On the other hand, basal area 62
had both a low heritability and a relatively low correlation
with volume 16 (r, = 0.75 * 0.17). Consequently indirect
selection on basal area 6Y2 proved only 65% as efficient
per year as later direct selection. This is an important
finding because absolute basal area (or closely associated
traits such as absolute diameter and conical volume) meas-
ured at around five to 12 years are presently the main
criteria for improving growth of P. radiata in Australia
(e.g. CotreriLL and Zep, 1980; Dean et al., 1983). It appears
that selection on height increments or even absolute height
at around six years may be much more efficient in improv-
ing mature volume production.

At 102 years there was an improvement in the reliability
of basal area traits as indirect selection criteria (e.g. Qgen =
89% for A\BAG6Y2—10%) and a dramatic decline in the
reliability of height increments (Qg,, = 44% for AHT6Y2—
10Y/2). The index 10Y2, which combines all height and basal
area increments measured to 102 years, had the highest
efficiency of 106% per generation. This efficiency of greater
than 100% per generation under indirect selection on index
102, compared with direct selection on volume 16, is due
to the higher heritability of the index (h?; = 046 for index
10Y2 c.f. h% = 0.37 for volume 16) and a strong juvenile-
mature genetic correlation. The index 10V is interesting
because it produced considerably greater efficiency per
generation than any one of its four component traits (i.e.
AHT2Y2—6Y2, ABA4Y2—6Y2, AHT6Y2—10%2 or ABA6Y2—
10Y/2) and demonstrates a worthwhile gain advantage for
the BiINeT restriction.

Despite the high efficiency per generation of index 10Y/e,
the longer generation interval associated with indirect
selection at 10Y/: years reduced the efficiency per year for
this index to well below the efficiencies per year for earlier
traits such as AHT2Y.—6'2 and index 6. In this sense
indirect selection at around six years, or when trees reach
around 10 m height, may be an optimum for maximising
response in volume 16 of P. radiata in South Australia. It
seems more meaningful to define optimums for early selec-



tion in terms of the average size of trees (optimum stage
of growth) as distinct from the concept of optimum age
used by Lamseru (1980) and others. This is because at any
given age a stand on a good site may be at a very different
stage of growth and development than a stand on a poor
site. (Likewise for comparing optimums for early selection
across fast and slower growing species).

When efficiencies were determined using genetic para-
metens of early traits in the unthinned population (includ-
ing additive genetic correlations with volume 16 calculated
on a plot mean basis) the values of Qg., and Qy,,, were
generally lower than those reported in Table 7. This is
because the heritabilities of early traits were generally
lower in the unthinned compared with the thinned popula-
tion (see Tables 3 and 5). However, the optimum for early
selection seemed to remain at about the time when trees
reached 10 m height (or 62 years). For instance, in analyses
not reported, the efficiencies per year in the unthinned
population were estimated as Q,,, = 140% for AHT2Y2—
612, 141% for index 6%z and 120% for index 10%/s.

Under circumstances where selected trees are cloned in
breeding arboreta to facilitate controlled crossing it may
be possible to select P. radiata at 6Y2 years and again at
around 9% years (i.e. two-stage selection) without greatly
extending the generation interval beyond that required for
selection at 6%2 years only. The stage 1 of selection at 6%
years would involve choosing say twice the number of
trees actually required for future breeding (see theory
developed in CorTeriLL and James, 1981), and cloning these
selected ortets in breeding arboreta. The breeding arboreta
usually require around three yearsto reach sexual maturity.
Hence, at around 9Y2 years (immediately prior to the be-
ginning of controlled-crossing), the ortets selected at stage
1 would be remeasured and the new information on growth
used to finally choose (stage 2) the best half of the ortets
for crossing. This stage 2 of selection may be on a restrict-
ed index combining growth increments from around one
or two to 6%z years and 6Y: to 92 years. The increasing
cost of measuring height of taller trees, and the apparently
poor heritability of later height increments of P. radiata,
may persuade many tree breeders to measure only basal
area increments from 62 to 9Y2 years.

In practice there would be no need to restrict measure-
ment at 92 years to only those ortets selected at stage 1.
Trees not selected at stage 1, but showing rapid growth
between 6!z and 9Y2 years, could easily be included in the
controlled-crossing program as male (pollen) parents even
though they were not represented in breeding arboreta.

The phenotypic correlations between volume 16 and
growth traits at 62 or 10Y2 years were consistently lower in
magnitude than corresponding genetic correlations (Ta-
-ble 7). LamseTH et al. (1983) observed the same for juvenile-
mature correlations in P. taeda. As mentioned previously,
this finding has implications in interpreting results of
previous studies of early selection which are often based
on phenotypic correlations only. After studying juvenile-
mature phenotypic correlations for P. elliottii, P. taeda,
P. pdlustris and P. echinata, WAkeLeLY (1971) recommended
that indirect selection may be ineffective before about 20
years (when the mean heights of species ranged from 13 to
16 m). SteinHOFF (1974) reached similar conclusions after
examining phenotypic correlations for P. ponderosa and P.
monticola. However, evaluations of efficiency which take
account of heritabilities and genetic associations between
early and mature traits may favour much earlier indirect
selection for these species.

LamsetH (1980) used results from the literature (including
the papers cited above) to attempt to develop a generalised
regression model to predict juvenile-mature phenotypic
correlations between height of trees measured at different
ages across a range of species. As expected, the phenotypic
correlations predicted from Lamseru’s model tend to be
marginally lower than genetic correlations reported in the
present study. Caution should be exercised in using the ef-
ficiencies per year of indirect selection tabulated in Lamsern
(1980) (and LamserH et al., 1983) which are not only based
directly (or indirectly) on phenotypic associations but also
take no account of heritabilities. These efficiency calcula-
tions therefore ignore the large differences in inheritance
which may occur between early and mature traits. Never-
theless, LamBetH’s (1980) general conclusion seem reasonable
that early selection for growth may be most efficient be-
tween around six and eight years (depending on the plan-
tation rotation or site quality), but certainly not before
trees are at least 2 m tall.

It must be stressed that further studies are clearly re-
quired before optimum stages of growth can be reliably
defined for early selection of P. radiata. The present study
is conducted on one site only and it remains to be seen
whether the trends reported in genetic parameters will be
evident in P. radiata grown on other sites. It may also turn
out that trends in genetic parameters are substantially
altered by differing thinnings regimes.

Another limitation of the present study is that juvenile-
mature correlations and other parameters are reported for
traits measured to 16 years only (about half-rotation age).
Where the breeding goal is to improve lifetime performance
over full rotation (as distinct from performance to 16 years)
the optimum stage for early selecetion may be sometime
after trees reach 10 m height. However, the extremely long
generation interval for direct selection after a 40 year
rotation (i.e. the 1, in Equation 6) will act very strongly in
favour of traits measured early. It is also worth noting that
P. radiata in South Australia is producing commercially
valuable saw logs at 16 years (around second thinning) and
improving volume 16 may, in itself, represent a fairly sound
economic breeding goal. It is certainly better than the cur-
rent practice of selecting rather arbitrarily to improve early
absolute diameter or volume.

Early Selection of Families

Table 7 lists the efficiencies or early indirect selection
of families on a per generation basis, mainly for the pur~
pose of comparison with corresponding efficiencies of in-
direct selection of individual trees. It is difficult to genera-
lise about the efficiencies per year of family selection be-
cause in advanced-generation tree breeding family selec-
tion per se is more commonly used to cull clonal seed or-
chards (which has no influence on generation interval).
Family information is sometimes utilised in combined in-
dices to select individuals for future breeding (e.g. Cort-
TERILL, 1986) but this option is not considered here. The ef-
ficiencies of family selection were determined by solving
Equation 5 for family heritabilities h? and the genetic cor-
relations r, given in Table 7. It is debatable whether the
most appropriate correlations for determining Qg,, for
family selection are the r,’s in Table 7 or the correlations
among family means for different traits (i.e. the “family
mean correlation”; Lameern et al., 1983). In any case both
types of correlations were calculated in preliminary ana-
lyses and proved fairly similar with the family mean cor-
relation usually slightly lower in magnitude.
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Perhaps the most interesting feature of the efficiencies
'of indirect family selection is that they are consistently
less than the efficiencies of indirect individual selection
for those important early traits having the highest herita-
bilities. For instance, indirect family selection on AHT2!/2—
612, index 6%z and index 10Y: yielded efficiencies of 90, 91
-and 97% per generation, respectively, while corresponding
efficiencies for indirect individual selection were 97, 98
and 106% (Table 7). In other words, early selection applied
on a family basis is not necessarily more appealing (relative
to direct selection) than early selection applied on an in-
dividual tree basis. This finding does not imply that the
-absolute response in volume 16 achieved by indirect selec-
tion of best families would necessarily be less than the ab-
-solute response from indirect selection of best individuals;
such would depend on relative intensities of selection. For
intance, by solving the numerator of Equation 4 it can be
shown that an indirect response of 239 dm?® per generation
is expected in volume 16 as a consequence of early family
selection on AHT2Y2—62 at an intensity of say one family
in 10 (or i, = 1.54 assuming finite population size; Becker,
1984). However, the response in volume 16 declines to 87
dm® when the intensity of selection is reduced to one
.family in two. (i; = 0.56). The response expected in volume
16 as a consequence of individual selection on AHT2Y2—
6%z at an intensity of one tree in 100 (i, = 2.51) is 206 dm3
(somewhat less than the gain under family selection at one
in 10). These intensities of family and individual selection
are representative of intensities commonly used in tree
breeding.

In the case of early traits having substantially lower in-
dividual heritabilities than volume 16 the efficiencies of
indirect family selection were greater than indirect indi-
vidual selection. For instance, indirect family selection on
the poorly inherited ABA4'>—6% (h% = 0.13) yield-
ed 79% efficiency per generation, while indirect individual
selection yielded only 58% efficiency. The absolute respon-
ses expected in volume 16 from indirect family selection on
/ABA412—62 are 210 dm3 for selection of one family in 10,
and 76 dm? for selection of one family in two. The indirect
response from individual selection on ABA41Y2—62 at one
tree in 100 is an intermediate 123 dms3.

In general, it is apparent that culling orchards on family
(progeny test) performance for growth traits measured
when offspring are around 10 m tall (such as AHT2Y>—6Y2
and index 6%) should yield around 90% of the response
expected from much later (direct) culling on volume 16.
There is considerable practical advantage in culling clonal
orchards of P. radiata at around six years or before they
begin producing commercial quantities of seed. However,
the results of this study suggest that it would be unwise to
cull orchards on progeny test performance at around 22 or
41/; years.
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