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Abstract

Additive genetic, dominance genetic and phenotypic
variances and corresponding correlations were estimat-
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ed for growth data collected from disconnected half-dial-
lel progeny trials involving 25 Pinus radiata D. DON
parents and replicated across two sites in central North
Island, New Zealand. Sectional area of stem was mea-
sured at three, seven, 10 and 13 years after planting at
both sites, and height at three and 10 years at one site.

Sectional area at three years exhibited similar levels
of estimated additive (0,2 and dominance (0,?) genetic
variance. However, levels of 0,2 remained approximately
constant between three and 13 years while 0,? increased
substantially. Thus, sectional-area growth changed from
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being under equal additive and dominance genetic con-
trol at three years to almost complete additive genetic
control from seven to 13 years. The greater increase in
additive variance relative to phenotypic variance led to
increases in individual heritability from 0.16 to 0.28 to
0.35 for sectional-area increments between 3-7, 7-10
and 10-13 years, respectively. Height growth exhibited
negligible levels of o for the three- and 10-year mea-
surements.

The early sectional-area increment between 3—7 years
showed an estimated additive genetic correlation of 0.87
with “mature” sectional area at 13 years. Subsequent
sectional-area increments between 7-10 and 10-13
years showed estimates of additive genetic correlations
of 0.99 with sectional area at 13 years. Dominance
genetic correlations were much lower in magnitude,
reflecting inconsistent dominance effects over time.

Key words: Pinus radiata, additive variation, dominance varia-
tion, juvenile-mature correlation, heritability.

Introduction

Most tree breeding programs are based on a combina-
tion of selection for growth, form and/or wood traits of
relatively juvenile trees, with the objective of indirectly
improving productivity of mature trees at the end of the
crop rotation. Reliable genetic information about poten-
tial selection criteria, particularly juvenile-mature cor-
relations and changing heritabilities over time, are
required to determine the most efficient method of early
selection. BURDON (1989) has discussed other issues that
are important for efficient early selection in forest
species.

A few authors have addressed trends over time in
genetic parameters (additive variance, dominance vari-
ance, juvenile-mature correlations) for Pinus radiata D.
DonN. However, given the importance of P. radiata in
plantations in Chile, New Zealand and Australia, there
is clearly scope for further documentation. WILCOX et al.
(1975) studied a small factorial cross of P. radiata at age
5-years, which was reassessed at ages eight and 18-
years (Low, 1990). CorTERILL and DEAN (1988) and
MATHESON et al. (2002) have estimated additive genetic
variance, dominance variance and additive genetic cor-
relations for growth between early ages and 16 and 13-
years, respectively, for P. radiata in South Australia.
The study of MATHESON et al. (2002) included a dimen-
sion of estimates across five different levels of inbreed-
ing. MATHESON et al. (1994) studied juvenile-mature
correlations based on annual sectional area of breast-
height disks to 14 years of age. KING and BURDON (1991)
studied trends in additive genetic parameters until
17 years in a large open-pollinated progeny trial of
P. radiata in central North Island New Zealand. Since
then, APIOLAZA et al. (2000) studied such trends in Chile
to eight years of age. There are substantial differences
across these few studies in sample size (numbers of par-
ents and families involved), site environment (climate,
soil, altitude, disease and insect problems) and silvicul-
tural history (weed control, thinning).

The literature contains other reference to additive

genetic parameters of P. radiata estimated over fairly
narrow bands of younger ages (JOHNSON, 1990; JAva-

WICKRAMA, 2001; KING et al., 1998). These studies pro-
vide important insights into the overall genetic control
of economic traits, but make limited contribution to opti-
mising early selection.

This paper presents estimates of additive and domi-
nance genetic variances and correlations for growth
traits of P. radiata between three and 13 years after
planting on two sites in central North Island, New
Zealand. The work is from post-graduate studies com-
pleted by the senior author in 1988 (DEAN, 1990). Part II
of these articles on early selection examines strategies
to optimize the efficiency of early selection.

Materials and Methods

Diallel Matings

The genetic material comprised full-sib P. radiata
families that came from five disconnected half-diallel
matings of five parents each. With 10 crosses (no selfs)
per half-diallel, a total of 25 parents and 50 full-sib fam-
ilies were involved. The 25 parents are known as the
“850” series selected for superior growth and form phe-
notype in genetically unimproved plantations in New
Zealand, mainly in central North Island. The “850”s con-
stitute part of New Zealand’s first-generation P. radiata
breeding population (SHELBOURNE et al., 1986) and are
evidently derived from two genetically similar mainland
Californian populations of P. radiata (MORAN and BELL,
1987; BURDON, 1992).

Site, Silviculture and Field Design

The two progeny trials (hereafter referred to as Trials
327 and 905) are located in Compartments 327 (latitude
38°28’S, longitude 176°31’E, altitude 530 m) and 905
(latitude 38°38’S, longitude 176°21’E, altitude 560 m),
Kaingaroa Forest, central North Island. These two trials
belong in a series reported by CARSON (1991) who
addressed a different set of variables. The soil type at
both sites is Kaingaroa silty sand, derived from pumice
showers (VUCETICH et al., 1960). Mean annual rainfall is
around 1500 mm. Trial 905 was on a colder site than
Trial 327, that was more prone to frost and needle blight
(Dothistroma blight) caused by Dothistroma pini HUL-
BARY.

Seed from the half-diallel crosses was sown in four
randomised complete blocks in February 1974 in a nurs-
ery at Rotorua. In June 1975, seedlings were planted at
both field sites at 5 x 5 m spacing. At the same time,
seedlings from commercial nurseries were interplanted
(as “fillers”) between the half-diallel seedlings to reduce
weed competition and give a final planting espacement
of 5 x 2.5 m (800 stems ha!). The “fillers” were removed
by thinning, well before crown closure, at five years
after planting, to leave 400 half-diallel seedlings ha.

The field layout at each site involved six randomised
complete blocks with five-tree non-contiguous plots, giv-
ing 30 progeny per full-sib family per site. Each half-
diallel was planted as a separate set in a complete sets-
in-replicates design (cf. SCHUTZ and COCKERHAM, 1966).
All 50 families were represented at each site. Trees
(except for serious malforms and runts) were pruned to
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1.6 m in August 1980, 4 m in October 1983, and to 6 m
in March 1994.

Measurements

At both sites diameter of stems was measured over-
bark at half-stem height in June 1978 (three years after
planting) and over-bark at 1.4m in June 1982 (seven
years), March 1985 (about 10 years) and March 1988
(about 13 years). These diameter measurements were
converted to cross-sectional areas of stem and hereafter
are referred to as “sectional areas” (abbreviated SA3,
SA7, SA10 and SA13 for sectional area at the respective
ages). Sectional area has a higher coefficient of varia-
tion, which matches more closely variation in stem vol-
ume. As such, sectional area was preferred to stem
diameter for studying trends in size and variance of
trees over time; subject to its data properties proving
acceptable.

Mean annual increments of sectional-area growth
were calculated for the intervals between each measure-
ment. The sectional-area increment between three and
seven years is denoted ASA3-7, between seven and 10
years, ASA7-10, and between 10 and 13 years, ASA10-
13. Tree height was measured at three and 10 years in
Trial 327 only and a periodic annual increment (AHT3-
10) was calculated. The year-7 height was measured
using poles and 10-year height using a Suunto clinome-
ter.

Data Analyses

Analyses of the half-diallel matings were carried out
using the DAG program (Diallel Analysis by GENSTAT)
and procedures outlined by DEAN and CORRELL (1988).
Each of the five half-diallels was analysed separately
and then sums of squares and cross-products, and
degrees of freedom, were summed across the individual
diallels. Observed mean squares were determined by
dividing these pooled sums of squares by their respec-
tive degrees of freedom (DEAN and CORRELL, 1988).

Table 1. — Expectations of mean squares relevant to estimation
of genetic parameters from analyses of the half-diallel mating
design.

Source of variation d.f. Expectations of mean squares *
Family p(-D2]-1 o2 +k; o +keof
gea p-1 6 +ko O + k7 Gsea” + Ko (p-2) O’
sca p(p-3)2 6+ k3 0 + Kg Ggea’
Family x site (s-Dp-1)2 o +kiop +ko 05°
Family x block (b-Dp(p-1)2 6.2 +ks on’
Residual N-bp(p-1)2 o/

A There are p = 5 parents in each half-diallel, b = 6 blocks,
s = 2 sites, N = 496, 461, 412, 413 and 421 trees analyzed for
the combined data, and N = 225, 205, 182, 177 and 178 trees
for Trial 327. The variance component 0 is due to families,
Ogea” general combining ability, 0.2 specific combining ability,
0p,?2 family x block interaction, og? family x site interaction and
0,2 the residual error. Coefficients of variance components rele-
vant to estimating genetic parameters are, for across site
analyses: k, = 4.07, k; = 28.93 and k; = 142.19; and for Trial
327:k, = 3.61 and k, = 111.30.
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Equating the expectations of mean squares (Table 1)
with these pooled mean square values provided esti-
mates of variance due to full-sib families (0,2, general
combining ability (ogcaz), specific combining ability
(0,2, full-sib family x block interaction (g,?), full-sib
family x site interaction (0,?) and residual error (0 ?).
Coefficients of the variance components (“k coefficients”;
Table 1) were computed using the synthesis procedure of
HARTLEY (1967). Preliminary analyses were made to
ensure that average genotypic value for growth traits
was reasonably consistent across the five diallels
analysed, and to confirm that there was no necessity for
data transformation.

Significant (P<0.01) effects were found for families,
gca and sca, while those of the interaction, family x
block and family x site, were not significant (P> 0.05).
Analyses of sectional-area traits reported here are for
data combined across both sites, as variances over time
were similar at both sites and the family x site interac-
tion was not significant. Analyses of height traits were
completed for Trial 327 only.

Genetic Parameters

Under the assumptions of unrelated parents, negligi-
ble epistasis and negligible maternal effects, additive
(0,2) and dominance (0,)?) genetic variances can be relat-
ed to gca and sca effecs as follows — (1) and (2)

0, =40,,.’ (1)
O-DZ = 405032 (2)

(see details in COTTERILL et al., 1987; for example). Indi-
vidual heritabilities (h?) were estimated according to the
following relationship between additive and phenotypic
(0p?) variance — (3)

h?=0,2/0.2 3)

In the case of sectional-area data combined across
sites the phenotypic variance was estimated as — (4)

2 _ 2 2 2 2 2
Op”=20,,° +0,," + 0y + 0" + 0, (4)

The family x site component (0, 2?) was omitted from
0,2 used to estimate heritability for height traits
because the heights were recorded at one site only. Neg-
ative estimates of variance components were set to zero
in estimating o2 Standard errors of heritability esti-
mates were approximated according to JENSEN and BARR
(1971).

Additive genetic correlations (r,) and dominance
genetic correlations (r;) were estimated from the mean
squares and mean cross-products of individual-tree data
(COTTERILL et al., 1987). Approximate estimates of the
standard errors of the genetic correlations were
obtained following BECKER (1985). Phenotypic correla-
tions (rp) were calculated on an individual-tree basis.

Combining Abilities

In each half-diallel, the “observed” genetic value (gvij)
for the full-sib family produced by mating the i*" female
and the j*h male parent was estimated as the difference
between the least-squares mean (Aij) of the particular



family and the overall mean of all trees across both
progeny trials (A..) — (5)
gv=A,-A. (5)
These least-squares means take account of inequali-
ties in progeny per family across both blocks and sites
(COTTERILL et al., 1983).

The general combining ability (gca,) of the i'" parent
was estimated as the average of the observed genetic
means (gv,) of the full-sib families produced by mating
the i parent (as either a female or male) with the four
other parents in each half-diallel — (6)

gea; =", 3 gv; (6)

where 1 <i<5;1<j<5;1#j. “Predicted” genetic values
(évij) were determined for each full-sib family as
the sum of the female and male parents general combin-
ing abilities (or the sum of “breeding values” of the
parents) — (7)

gv; = gea, +gea (7

Specific combining ability (scay) of the it female
mated to the j*" male parent was calculated as the dif-
ference between the observed and predicted genetic val-
ues for the particular cross — (8)

scay = gvy; — 8V; (8)

Results and Discussion!

Growth Trends

Figure 1 shows trends in sectional-area increment and
variance components from analyses of combined data
across both sites. Sectional-area growth was least
during the first measurement period between three and
seven years after planting with ASA3-7 = 67 cm?year!,
and peaked during the subsequent measurement
period between seven and 10 years with ASA7-10 =
112 em?year~! (Figure 1). This near-doubling in section-
al-area increment from the 3-7 year to the 7-10 year
periods was due, at least in part, to the 50% thinning of
both progeny trials at five years. During the 10-13 year
period when competition between trees increased, sec-
tional area growth declined to ASA10-13 = 88 cm?year'.

In analyses not reported here, we found similar trends
in growth over time when each site was considered sepa-
rately. Although sectional-area increment peaked at
7-10 years, in both sites, the absolute rate of growth
was slower in Trial 905 because the site was harsher
and there was some loss of foliage following early frost
damage and persistent Dothistroma blight. By 13 years
the trees in Trial 327 had reached a mean sectional area
SA13 =953 cm? which was around 20 % greater than the
mean sectional area SA13 = 811 ¢cm? in Trial 905.

The maximum sectional-area increment observed in
the present study (ASA7-10 = 112 cm?year!) was over
twice the maximum increment of 48 cm?year! reported
by COTTERILL and DEAN (1988) in an open-pollinated

1) For convenience of presentation, estimates of genetic parame-
ters are often expressed as if they were actual parameter
values.
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Figure 1. — Overall means (p), estimated additive (0-2A) and
dominance genetic variances (6%,), phenotypic variances (0%,)
and heritabilities (h2?) over time for sectional-area increments
measured across both progeny trials (Trials 327 and 905).

trial of P. radiata in South Australia. The South Aus-
tralian trial, however, was planted at a high stocking
rate of 2265 stems ha! and only thinned to 1260 stems
at 10 years. The New Zealand trials reported here were
planted at 1600 stems and thinned to 800 stems before
five years. Differences in thinning regime, weed control,
insect attack, disease levels, and other “environmental”
factors can, of course, be very important in comparing
findings across studies.

Additive Genetic Variance and Heritability

1. Increment Traits: The large increase in sectional-
area growth between the 3—7 and 7-10 year periods was
associated with an almost seven-fold increase in addi-
tive genetic variance (0,2 Figure I). The phenotypic
variance (0;,%) of sectional-area increment also increased
with increasing rate of growth between 3-7 and 7-10
years, but not to the same extent as 0,2 Consequently,
there was an increase in individual heritability of sec-
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tional-area increment from h2 = 0.16 for ASA3-7 to h? =
0.28 for ASA7-10 (Figure 1).

As the rate of sectional-area growth slowed in the
10-13 year period there was some plateauing in the
level of 6,2 However, the slower growth rate was associ-
ated with a decline in phenotypic variance which led to
a corresponding increase in individual heritability to a
high h? = 0.35 for ASA10-13 (Figure 1). In analyses not
reported here, these trends in h?, 0,2 and 0,2 over time
were found to be consistent across both sites. The stan-
dard errors of all heritability estimates were high.

In the South Australian study by COTTERILL and DEAN
(1988), estimated heritability of sectional-area incre-
ment increased steadily from h? = 0.13 for 4Y,-6/,
years to h? = 0.30 for 6!/,-10%, years to h? = 0.44 for
10/,—16 years. These values are similar to the h? = 0.16,
0.28 and 0.35 reported for roughly corresponding mea-
surement periods in the present study. Despite major
differences in stocking rate, and hence patterns of diam-
eter growth, between the South Australian and New
Zealand studies, the trend of increasing heritability of
sectional-area increment of P. radiata over time is
remarkably consistent.

The height increment measured between three and 10
years in Trial 327 showed a moderate to high individual
heritability of h? = 0.36 (Table 2) again with a large
standard error. COTTERILL and DEAN (1988) estimated a
similarly high heritability of h? = 0.44 for early height
increment between 2/, and 6%/, years, but the heritabil-
ity declined dramatically to h? = 0.09 between 6/, and
10/, years, and remained low. COTTERILL and DEAN
(1988) attributed this fall in heritability of height incre-
ment to the early canopy closure of the closely spaced
stand. MATHESON et al. (2002) also observed that trends
in additive variance and heritability seemed to be close-
ly related to stand development in South Australian
progeny trials. In the present study we are not able to
determine trends in heritability of height increment
from the limited height data recorded.

2. Absolute Growth Traits: The cumulative effects of
increasing heritabilities of sectional-area increments
over time are reflected in corresponding increases in
heritability of absolute measurements (Figure 2). The
individual heritability of absolute sectional area
increased from a low h? = 0.06 for SA3 to h? = 0.16 for
SA7 and high values of h? = 0.26 for SA10 and h? = 0.35
for SA13. It is apparent from Figure 2 that this increas-
ing heritability of absolute sectional area is due to pro-
portionally greater increases in 0,2 over time than o2
Of course, there is no decline in g, for absolute section-
al area (as was observed for the increments) because of
the continuing increase in absolute size of trees. The
standard errors of these heritability estimates are high
suggesting these values should be interpreted with cau-
tion; however, the general trend is apparent.

KING et al. (1998) analysed data from disconnected-
diallel crosses of the “875” series P. radiata parents
planted in North Island New Zealand and also found
that the estimated individual heritability of diameter
increased over time; from h? = 0.09 at four years to 0.28
at age-7. The trend was more marked in the case of
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Figure 2. — Overall means (p), estimated additive (02A) and
dominance genetic variances (0%,), phenotypic variances (0%,)
and heritabilities (h?) over time for absolute measurements of
sectional area across both progeny trials (Trials 327 and 905).

height with h? = 0.07 at age-2, 0.24 at age-4 and 0.25 at
age-7. KING and BURDON (1991) observed the opposite
trend in heritability of stem diameter in an open-polli-
nated progeny trial of “268”-series P. radiata parents in
North Island New Zealand. In this case, estimated indi-
vidual heritability declined from h? = 0.34 at age-5, to
0.28 at age-10; stabilising at h% = 0.25 at 17 years from
planting. KING and BURDON (1991) noted that diameter
growth of P. radiata is sensitive to needle cast, and the
trial studied by these authors was quite heavily affected
by needle cast Cyclaneusma minus (BuTiN) DiCosMmo,
PEREDO & MINTER.

Dominance Genetic Variance

1. Increment Traits: The estimated additive genetic
variance 0,% was similar to the estimated dominance
genetic variance 0% for ASA3-7 (Figure 1). Dominance
variance for sectional-area increment increased relative-
ly little between the 3—7 and 7-10 year periods, com-
pared to the corresponding increase in 0,2 Hence, for



both ASA7-10 and ASA10-13 the level of 0,? was around
seven times larger than o,% This trend of relatively
diminishing dominance genetic control and increasing
additive control over time was evident in analyses con-
ducted for each site separately, as well as in the com-
bined analysis reported here. It is important to note
that it is not possible to differentiate between maternal
effects and dominance genetic variance in the half-dial-
lel design. Certainly, if maternal effects are present,
they would be expected to decline in importance over
time and their influence may be contributing to the
decreasing relative level of dominance variance in Fig-
ure 1. (However, in this study there should have been
minimal confounding with nursery effects because the
nursery design was replicated; see Materials and Meth-
ods).

2. Absolute Growth Traits: In the case of SA3 the esti-
mates of 0,2 and 0,2 were nearly equal (Figure 2). How-
ever, the trend of increasing additive genetic control of
sectional-area increments was reflected in absolute mea-
surements made at seven years and later. The relative
levels of 0,2 increased to around six-fold compared with
0,2 for SA13 (Figure 2). In the case of absolute height
traits 02 was low or zero at both three and 10 years in
Trial 327 (Table 2).

Table 2. — Overall means (u + standard deviation), estimated
additive (0,2) and dominance (0p?) genetic variances, pheno-
typic variances (0p?) and heritabilities (h? + standard error) for
height traits measured in Trial 327. Also presented are esti-
mated genetic (ry + standard error) and phenotypic (r,) correla-
tions between height traits and sectional area at 13 years.

Parameter Height Trait
HT3 HT10 AHT3-10
(m) (m) (m year ™)
ws.d. 2.6+ 0.04 14.8 £0.70 18+0.01
N 0.49 458 0.01
op 0.20 0.00 0.00
o 1.96 12.72 0.02
h? 0.26 +0.21 0.36+0.29 0.36+0.28
Correlations with SA13
ra 0.72 +0.29 0.65+0.25 0.47 £0.31
I 0.55 0.60 0.44

The results presented here are part of only a few pub-
lished estimates of trends over time in dominance genet-
ic control of P. radiata. In a Design II cross WILCOX et al.
(1975) found very strong apparent ¢_, ? for stem diame-
ter at five years of age, but this had disappeared by 18
years in favour of strong 0, which matched resistance
to needle cast (Low, 1990). KING et al. (1998) found a
marked decline in o? relative to 0,2 for height and
diameter growth until seven years after planting in the
“875s” half-diallel trial in New Zealand. For example,
variance due to sca (0, % was 130% of o, 2 for stem
height at two years, and under 10% at age-7. KING et al.
(1998) also noted the possibility of confounding of domi-
nance genetic effects and maternal effects or even nurs-
ery effects. MATHESON et al. (2002) have reported addi-
tive and dominance variances over time for P. radiata
with different levels of inbreeding (although sample

sizes were perhaps marginal for estimating 0,% and o,
within populations). DIETERS et al. (1995) found that in
full-sib progeny tests of P. elliottii the level of 0,2
approximately doubled relative to o,? for volume
between five and 14 years after planting.

There are other estimates of 0)? of P. radiata in the
literature, but all are for traits measured at only one
point in time. CARSON (1986) presented ratios of 6,? and
0,2 for height and diameter of P. radiata measured at
4%/, years in another series of half-diallel progeny trials
established across two sites in North Island, New
Zealand. In that study the estimate of 0,2 was four
times greater than the estimated 0,2 for height, but the
relative levels of o2 for diameter varied greatly
between sites. COTTERILL et al. (1987) reported higher
estimated levels of 0,2 than 0,2 for diameter, and in
particular height, measured at eight years in a factorial
mating trial of P. radiata in South Africa. VOLKER and
CAMERON (1988) estimated almost four-fold greater o2
than o,? for sectional area measured at 12, years in a
Design II trial in eastern Australia. JOHNSON (1990) pre-
sents an opposing result for a Design II trial of P. radia-
ta in New South Wales, Australia, with levels of estimat-
ed 0,2 around half 0% for diameter and volume at 12
years. However, 6,2 was three-fold higher than o> for
height.

The current study provides further evidence that
there may be little benefit in attempting to exploit domi-
nance variance in breeding to improve mature produc-
tivity of P. radiata. CARSON (1986) and COTTERILL et al.
(1987) showed that even where levels of 0,2 and 0,)? are
approximately equal, it is possible to design efficient
breeding programs that are based essentially on addi-
tive genetic models and aim at exploiting a maximum
amount of the 0,2 available. The present study supports
the previous literature in suggesting that levels of o,
may be comparable to levels of 6,2 in juvenile P. radiata
but this non-additive variation has minimal influence on
later productivity. Not only do relative levels of 0,2 for
growth increase with age but, as shown in the next sec-
tion, there are strong additive and weak dominance
genetic associations between early and later growth.

Additive Genetic and Phenotypic Correlations

Additive genetic and phenotypic correlations from
analyses of combined sectional-area data across sites
are presented in Table 3.

1. Increment Traits: The early sectional-area incre-
ment ASA3-7 had strong additive genetic correlations
with both ASA7-10 and ASA10-13 (r, = 0.84 and 0.81
respectively; Table 3), while the post-thinning incre-
ments, ASA7-10 and ASA10-13 were even more strongly
correlated (r, = 0.96). Juvenile-mature additive genetic
correlations between early increment traits and the
final measurement of sectional area at 13 years
increased from a high value of r, = 0.87 for ASA3-7 to
even higher values of almost unity (r, = 0.99) for ASAT7-
10 and ASA10-13. COTTERILL and DEAN (1988) reported
similarly large correlations of r, = 0.98 to 0.99 between
volume at 16 years and sectional-area increments mea-
sured at 4'/,—6'/, or 6'/,-10", years. Standard errors of
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Table 3. — Estimates of additive genetic (ry + standard error)
and phenotypic (rp) correlations between increments or
absolute measurements of sectional area measured across both
progeny trials (Trials 327 and 905). Additive genetic correla-
tions are above diagonals, phenotypic correlations below diago-
nals.

Sectional- ASA3-7 ASAT-10 ASA10-13 SA13
area trait
ASA3-7 0.84+0.37 0.81+0.31 0.87+0.27
ASA7-10 0.54 0.96 £0.25 0.99+0.19
ASA10-13 0.53 0.63 0.99+0.20
SA13 0.78 0.86 0.88
SA3 SA7 SA10 SA13
SA3 0.75+0.26 0.71+0.29 0.72+0.23
SA7 0.70 0.94+0.20 0.90+0.27
SAL0 0.54 0.85 0.99+0.18
SA13 049 0.78 0.94

additive genetic correlations are large in this study rela-
tive to the magnitude of the coefficients (Table 3).

Phenotypic correlations in the present study followed
the same general trends as additive genetic correlations
but the phenotypic correlations were markedly lower.
This finding of lower phenotypic correlations is again
consistent with the results of COTTERILL and DEAN
(1988). Some previous studies of early selection in Pinus
spp. have been based on phenotypic correlations and
(because phenotypic associations seem to be weaker) the
conclusions may be conservative. For example, WAKELEY
(1971) and STEINHOFF (1974) concluded, on the basis of
phenotypic correlations, that growth traits measured
before around 20 years do not provide a reliable guide to
mature performance of P. elliottii or P. taeda. Other
research (LAMBETH et al., 1983; FOSTER, 1986; COTTERILL
and DEAN, 1988; KING and BURDON, 1991; MATHESON et
al., 2002; and this present study) based on genetic corre-
lations has indicated a more promising result for selec-
tion at less than 10 years after planting in P. radiata
and other Pinus spp.

Changing heritabilities over time will also impact on
the efficiency of early selection and affect the optimum
age for selection. The importance of the relative heri-
tability of the early and later traits is considered in
detail in Part IT of this series on early selection, and also
by KiNnG and BURDON (1991), MATHESON et al. (2002) and
DUNGEY (2004). Related but not truly parallel studies in
other species have largely involved P. taeda (e.g. GWAZE
et al., 2000; 2002).

2. Absolute Growth Traits: Additive genetic correla-
tions between absolute sectional-area measurements
decreased as time elapsed between particular pairs of
measurements. For example, the additive genetic corre-
lations between SA13 and earlier measurements
decreased from r, = 0.99 for SA10 to r, = 0.90 for SA7 to
r, = 0.72 for SA3 (Table 3). However, the additive genet-
ic correlation of r, = 0.72 between SA3 and SA13 is still
quite high as far as using SA3 as an early selection cri-
terion is concerned. Phenotypic correlations followed the
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same trends as genetic correlations but again were
lower in magnitude.

The absolute height measurements HT3 and HT10
had genetic correlations of r, = 0.72 and 0.65 respective-
ly, with SA13 in Trial 327 (Table 2). This finding sup-
ports a pattern observed by BURDON et al. (1992) where-
by trends in diameter growth track earlier trends in
height growth.

CorreriLL and DEAN (1988) reported a negative r,
between volume at 16 years (VOL16) and height at
around two years, but strong positive correlations
between VOL16 and height at around six (r, = 0.81) or
10 years (r, = 0.87). MATHESON et al. (1994), using annu-
al sectional area of breast-height disks of P. radiata in
Australia, observed r, values close to zero between ages
of less than four years with age-14, but after four years
the correlations with age-14 proved far higher. In the
“268” open-pollinated progeny trial of P. radiata in New
Zealand, KING and BURDON (1991) observed strong posi-
tive r, of 0.64 and 0.93 for stem diameter at ages five
and 10, respectively, with diameter at 17 years. In
another study MATHESON et al. (2002) reported additive
correlations of over 0.7 between sectional area measured
at 13 years and early ages of five years or more for
P. radiata in South Australia. This study of MATHESON et
al. (2002) involved populations having different levels of
inbreeding and higher inbreeding tended to produce
higher juvenile-mature correlations. However, BURDON
et al. (1992) observed some inflated age-age genetic cor-
relations where inbreeding and/or basic maladaptation
were involved. Moreover, KUMAR (2004) found essential-
ly zero correlation between selfed and outcross growth
rate in P. radiata.

Dominance Genetic Correlations

Estimates of dominance genetic correlations were far
weaker than corresponding estimates of additive genetic
correlations and also had quite high standard errors.
Dominance correlations between the early increment
ASA3-7 and later increments decreased from ry = 0.76
for ASAT7-10 to rp = 0.53 for ASA10-13 (Table 4). The
dominance correlation between post-thinning incre-
ments ASA7-10 and ASA10-13 was even lower at r, =
0.47. The juvenile-mature dominance genetic correla-
tions between increment traits and sectional area at 13
years were consistently low with values between r =
0.39 and 0.45. Although results are not presented in
Table 4, the r;, among absolute sectional-area traits
were similar to correlations among increments. The
dominance correlations involving the height traits were
Z€ero or near-zero.

Table 4. — Estimates of dominance genetic correlations (rp)
between sectional-area increments and sectional area at 13
years measured across both progeny trials (Trials 327 and 905).

Sectional- ASA7-10 ASA10-13 SA13
area trait
ASA3-7 0.76 £ 0.27 0.53+0.28 0.45£0.26
ASAT7-10 047024 0.39+0.21
ASA10-13 0.41£0.20




There appear to be no other published estimates of
dominance genetic correlations for P. radiata. The most
important implication of the estimates of rj, reported in
this study is that dominance effects do not appear to be
especially consistent and diminish over time. It seems
that specific combining abilities observed for crosses
among particular parents at one point in time may be
different when measured at another time. This finding
is discussed further in the next section.

Combining Abilities

1. General Combining Abilities: Figure 3 presents
gea’s for sectional-area increments of the parents
involved in one of the five half-diallels studied (Half-
Diallel 5); and is used to illustrate the previously
described trends over time in additive genetic variance
and genetic correlations. One obvious feature of Figure 3
is that gca values for sectional-area increment become
more widely dispersed, over time, particularly between
the 3—7 and 7-10 year measurement periods. For exam-
ple, the difference between the best and worst parents
nearly doubles from 10.15 cm?year! for ASA3-7 to
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Figure 3. — General combining abilities of parents involved in
Half-Diallel 5 for sectional-area increment traits measured
across both progeny trials (Trials 327 and 905). The parents
are identified as 81, 100,110, 120 and 191.

19.50 cm?year! for ASA7-10 and 20.08 cm?year! for
ASA10-13. This increasing spread of gca over time led to
the increase in additive genetic variance 0,? reported
previously (Figure 1). The widening of differences
between parental gca’s is almost certainly due in part to
competition within the stand permitting large families
to grow relatively larger, while small families grow more
slowly. However, these trends in genetic parameters do
not appear to be due entirely to competitive factors.
Between three and 10 years there was a remarkably
consistent trend of increasing 6,2 in both the South Aus-
tralian study of COTTERILL and DEAN (1988) and present
New Zealand study. Yet, during this three-to-ten-year
period the sectional-area increment was diminishing in
the South Australian study, but increasing in the New
Zealand study; probably due to earlier thinning.
Between five and 10 years, the stocking rate (and maybe
competition) differed by a factor of five between the two
studies. These observations suggest that changes in
genetic variances of sectional-area growth may be due
partly to biological changes in expression of genetic dif-
ferences over time, as well as being partly due to
changes in stand competition.

Another feature of Figure 3 is the relatively minor
changes in parent rankings for sectional-area increment
over time. This consistency in parent rankings reflects
the strong additive genetic correlations described previ-
ously between sectional-area traits measured at differ-
ent ages (Table 3). The two parents ranking highest for
ASA3-7 were also the highest ranking for ASA7-10 and
ASA10-13 (Figure 3).

The changes in ranking in Diallel 5 involved Parents
81 and 120. Parent 81 tended to perform relatively con-
stantly over time while Parent 120 deteriorated. How-
ever, there was no evidence in any of the half-diallels
studied of parents having poor early sectional-area
growth, subsequently becoming outstanding, or vice
versa. This is interesting because any tendency of
P. radiata to exhibit rank changes in growth rate over
time would be expected to show up in trials such as
these grown under low stocking rates.

2. Specific Combining Ability: Figure 4 plots the sca’s
for sectional-area increments of eight of the 10 full-sib
families produced by crossing parents in Half-Diallel 5
(the other two families have been omitted to simplify the
graph). As outlined in Materials and Methods, the pre-
dicted genetic value is the sum of parental gea’s (Equa-
tion 7), while the sca represents the difference between
observed and predicted values (Equation 8). It is appar-
ent that there is not as much increase in the spread of
sca’s over time (i.e. differences between maximum and
minimum sca’s for each measurement period) as was the
case for gca’s (Figure 3). This trend is reflected in the
reasonably low levels of o2 reported previously for sec-
tional-area increments over time (Figure 1).

Some families displayed very consistent sca’s for
sectional-area increments over time (e.g. families
110 x 191, 100 x 81 and 191 x 120; Figure 4). However,
the sca values for other families were very inconsistent
over the different measurement periods. For example,
the cross between Parents 110 x 100 had a negative sca
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Figure 4. — Specific combining abilities of full-sib families in
Diallel 5 for sectional-area increment traits measured across
both progeny trials (Trials 327 and 905). The crosses are identi-
fied as 110 x 191, 110 x 120, 110 x 81, and so on.

of —2.79 cm?year! for ASA3-7, a positive sca of
5.4 cm?year! for ASA7-10, and then fell to —1.43 for
ASA10-13. Family 100 x 191 also displayed large in-
consistencies in sca with values of —-0.61, —8.63 and
—0.61 cm?year! for successive sectional-area increments
(Figure 4). These changes in family rankings over time
for sca are reflected in the low dominance genetic corre-
lations reported previously (Table 4). There is clearly no
guarantee in P. radiata breeding that families express-
ing high levels of sca for early sectional-area growth
continue to express high, or even positive, sca as time
passes. It seems that this study represents the first
attempt to record sca effects over time in forestry and
the findings clearly favour breeding strategies based on
fully exploiting additive genetic effects.

Conclusions

In this study o,% and 0,2 were approximately equal
for sectional area of P. radiata at three years, but after
this time the genetic control of sectional-area increment
became predominantly additive. In the case of height
there was little or no 0% present for absolute measure-
ments at three and 10 years, or for the corresponding
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height increment. Furthermore, low dominance genetic
correlations observed among sectional-area measure-
ments reflect the fact that dominance (sca) effects are
not as consistent as additive (gca) effects over time.

The increase in 0,> for sectional-area growth over
time, particularly between the 3-7 and 7-10 year peri-
ods, was due to pronounced widening of differences
among families. This widening of family differences may
be due to biological changes in gene action as well as to
the inevitable changes in stand competition.

Strong additive genetic correlations r, were observed
between early measurements of sectional area or height
and the “mature” sectional area at 13 years. These high
correlations will clearly favour early selection of P. radi-
ata. However, the increasing heritability of sectional
area over time tends to favour somewhat later selection.
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