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Abstract Genetic variation for wood quality traits and
diameter growth for radiata pine (Pinus radiata D. Don) at
age 20/21 years was estimated from eight trials in Australia.
The traits studied were wood density, acoustic time-of-
flight (an indirect measure of stiffness) and diameter at
breast height (DBH). Wood density and DBH exhibited
significant additive genetic variation whereas non-additive
effects were not significantly different from zero. Time of
flight was also not significantly different from zero for both
additive and non-additive effects, respectively. Average
single-site heritability estimates (±SE) for wood density and
DBH were 0.38±0.10 and 0.16±0.08, respectively. Pooled-
site heritability estimates for wood density and DBH were
0.38±0.10 and 0.08±0.10, respectively. For density, there
was little evidence of genotype-by-environment interaction
(GEI) across the eight trials at the additive level (type B
additive genetic correlation; rBADD=0.73±0.08) and type B
genetic correlation for full-sib families (rBFS=0.64±0.08).
In contrast, the type B additive genetic correlation for DBH

was lower, (rBADD=0.51±0.14), suggesting evidence of
GEI. However, type B genetic correlation for full-sib
families was moderate (0.63±0.11) for DBH, suggesting
that there may be some stable full-sib families. On the basis
of the results of this study, GEI should be considered in
order to optimise deployment of improved germplasm in
Australia.
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Introduction

Forest tree breeding programmes have had a successful
impact on increased productivity of plantation forestry
around the globe (McKeand et al. 2006; Wu et al. 2007;
Burdon et al. 2008). In Australia, two generations of radiata
pine (Pinus radiata D. Don) breeding and selection have
resulted in substantial economic benefits for the Australian
forest industries (Matheson et al. 1986; Wu et al. 2008). For
example, through genetic improvement and silviculture, the
rotation length for sawn products was reduced from 40–45
to 25–30 years (Li and Wu 2005). Predicted genetic gains
for second generation diameter growth were estimated to be
4% to 17% and would result in overall volume gains of
more than 10% (White et al. 1999; Wu and Matheson
2005). As radiata pine breeding advances to third genera-
tion selections in Australia, there is an increasing need to
include wood quality traits in the breeding programme. A
large number of studies have been carried out to study
variation and genetic control of various wood quality traits
of radiata pine (Li and Wu 2005; Dungey et al. 2006;
Gapare et al. 2006, 2007, 2008; Baltunis et al. 2007b;
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Matheson et al. 2008). However, genotype-by-environment
interaction (GEI) for wood density or stiffness has not been
assessed within Australian radiata pine breeding pro-
grammes. Such information is particularly useful as radiata
pine breeding advances to third generation selections with
inclusion of wood quality traits.

Wood stiffness, measured as its modulus of elasticity
(MoE), is one of the radiata pine major breeding objective
traits (Ivković et al. 2006) and is known to be under strong
genetic control (Matheson et al. 1997; Dungey et al. 2006).
However, direct measurement of the bending MoE (also
known as the static MoE, usually performed on normalised
specimens) requires destructive sampling and is expensive
and time consuming. While a direct measure of bending
stiffness is the most accurate, indirect measures that are far
less destructive and expensive are the most desirable for
breeding purposes. Recent work has shown that stiffness
can be indirectly measured by either using mechanical and
chemical properties of wood or using component wood
quality traits. Instruments based on acoustic waves showed
great promise for measuring stiffness of standing trees, logs
(Carter et al. 2005; Wang et al. 2007; Auty and Achim
2008), small axial specimens from outer wood (Carter et al.
2005; Ilic 2003), for log segregation in radiata pine (Walker
and Nakada 1999; Matheson et al. 2002) and juvenile
standing trees in radiata pine (Matheson et al. 2008).
Assuming the density of green wood is 1,000 kg/m3, the
modulus of elasticity can be calculated approximately as
V2/106 in GPa, where V is the velocity of the stress wave in
the tree (in metre per second). Time of flight (TOF) could
be regarded itself as an indication of MoE. Longer flight
times are associated with lower stiffness values. The
standing tree TOF technique provides an acoustic wave
velocity for the stem.

In forest tree improvement, the assessment of genotype-
by-environment interaction (GEI) has been essential for
formulating breeding and deployment strategies (White et
al. 1993). The patterns of response across environments
may involve change in the ranking of genotypes and/or
alterations in scale (Lynch and Walsh 1998). When present
at family or clonal levels, the former type of GEI is of
particular concern to tree breeders since it determines
critical decisions in developing optimal breeding strategies
and realising genetic gains (e.g. Costa e Silva et al. 2006).

Genotype-by-environment interaction for radiata pine
growth traits has been studied extensively (Cown and
McConchie 1983; Shelbourne 1972; Shelbourne 1997;
Matheson and Raymond 1984, 1986). For example,
Matheson and Raymond (1984) studied GEI for 30 open-
pollinated families from growth data collected in 11 sites,
and they found the existence of interaction between
families and sites. Similarly, Wu and Matheson (2005)
investigated GEI in growth and stem characteristics at 10/

11 years using the Australia-Wide Diallel (AWD) mating
experiment for radiata pine. In addition to studying GEI, the
AWDmating experiment allowed for estimating both realised
and expected gains that could arise from both additive and
non-additive genetic variation. The study also provided
estimates of general combining ability (GCA) and specific
combining ability (SCA) variances and covariances (Wu and
Matheson 2004). Results from that analysis suggested that
there was significant GEI for growth traits in radiata pine
across the ten sites involved in the analysis. Two sites in
New South Wales (NSW) contributed disproportionately to
the interactions compared with the other sites. There were
some considerable changes in rank between families
growing in NSW compared with the same families growing
elsewhere, particularly involving about ten parents (Wu and
Matheson 2005).

There is little information on how genotypes, and more
specifically, both additive and non-additive effects for
radiata pine wood properties, interact with environments.
The level of GEI would assist breeders and practical
foresters in designing their effective breeding programmes
by selecting genotypes with desirable wood traits that can
be deployed in different environments. If GEI is deemed to
be negligible, then selected genotypes could be used for
plantations to produce uniform wood under different
environmental conditions (e.g. Sykes et al. 2006). This
would increase yield, improve product properties and lower
processing costs (Zobel 1984).

Since trees are selected based on a composite index
value rather than individual trait values, it is important to
investigate if there would be GEI for the index values.
Namkoong (1984) showed that when a value function (i.e.
index) is affected by the environment (i.e. relative economic
weights for traits are different in different environments),
index of provenances may change ranking even in the
absence of changes in component traits. However, even if
both genotype and site linearly affect the phenotype for all
traits, differences in the index in different environments can
change ranking of genotypes for different planting sites. In
other words, relative sizes of trait economic weights can
influence the size and the sign of difference between
genotypes in index values at different sites (Namkoong and
Johnson 1987).

The purpose of this study was to determine the level of
genetic variation of key wood properties in radiata pine
across plantation estate in Australia and examine genotype-
by-environment interaction. Specific objectives were (1)
compare genetic variation in wood density, time of flight
(surrogate for modulus of elasticity MoE) and diameter
growth on eight test sites, (2) estimate genetic correlations
between the same traits, (3) examine GEI of the same traits
and (4) investigate the effects of GEI for composite
selection index values.
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Materials and methods

Details of the AWD mating programme are given in Wu
and Matheson (2004). Briefly, the AWD project was
conceived during the 1976 meeting of Research Working
Group No 1 in Australia (Matheson 1976). The initiation of
AWD was facilitated by the idea of sublines (Lindgren
1976) as a means of controlling inbreeding in breeding
populations, and a similar mating plan by the North
Carolina State University loblolly pine cooperative produc-
ing disconnected six-parent half-diallels as a means of
producing their second generation material for selection and
breeding (Griffin 1976). The numbers of families within
each diallel set are presented in Table 1. Table 2 presents
the details of trials in regard to site environmental
conditions and experimental layout, while the eight trial
locations are shown in Fig. 1. Diallels were chosen for
inclusion in the analyses reported here to maximise overlap
between sets of families planted each year and sites.

This study used measures of stem diameter at breast
height, time of flight in microsecond over one metre and

whole-core density in kg m−3 from eight diallel trials of
radiata pine (Table 3). Within the resources available for the
project, it was not possible to measure every tree at all sites.
Accordingly, approximately five trees from each of 100
families at each trial were measured (approximately 500
trees per trial). Two trials (RAD199 at Myrtleford (Victoria)
and VRC60 in Gippsland (Victoria)) originally planted and
included in the Wu and Matheson (2005) analyses no
longer exist (see Fig. 1). A total of 4,152 trees were
measured over all eight trials available in 2007.

The statistical analyses were done in several steps,
beginning with univariate analyses, where variance compo-
nents for each trait within each trial were estimated;
followed by multivariate analyses, where variances and
covariances between pairs of traits within trials were
estimated. For DBH and density, estimates of GEI,
expressed as type B genetic correlations (Burdon 1977),
were obtained from multivariate analyses of variables
measured in the two trials as different traits, e.g. wood
density measurements in the two trials were considered as
measurements of two different traits.

Table 1 Numbers of families within each diallel set that were planted at each site (the same families were planted in four 1986 sites (PT5455, VRC52,
RAD199 and Bil133); different families within some sets were sometimes planted among the six 1987 sites; from Wu and Matheson (2002))

Site

Diallel set PT5455 VRC52 RAD199 Bil133 PT5459 RAD211 VRC60 Bil149 RS27A RS27B

APMFA 12 12 12 12

APMFB 13 13 13 11 13 9

APMFD 13 13 13 13

APMFE 14 14 15 12 15 9

APMFF 12 12 12 12

DFR1 13 13 14 14 11 7

DFR2 14 14 14 7 13 3

DFR3 13 13 13 9 11 3

DFR4 12 12 14 10 9 6

DFR5 14 14 15 9 14 8

DFRSAa 14 14 14 14 23 23 24 13 24 19

NSW1 10 10 10 10

NSW2 10 10 10 8

NSW3 12 12 12 9 12 12

VFC1 12 12 12 12 15 15 15 5 14 13

VFC2 14 14 14 14 15 15 15 9 15 15

VFC3 15 15 15 11 15 14

VFC4 15 15 15 11 15 14

VFC5 14 14 14 9 14 13

WA1 8 8 8b 6 15 13

WA2 6 6 3 13 14

a Including reciprocal crosses for sites with more than 15 crosses
b The eight families in VRC60 are all different from the eight families in PT5459 and RAD211
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The following linear mixed model was used in the
univariate analysis of the diallel trials:

y ¼ Xbþ Z1aþ Z2sþ e ð1Þ

where y is the vector of individual tree observations; b is
the vector of fixed effects (overall mean and blocks); a is
the vector of random additive effects of individual trees; s
is the vector of random specific combining ability effects

Table 2 Site characteristics for the sites involved in 2007 measurements

Site PT5455 PT5459 VRC52 RAD211 RS27A RS27B Bil133 Bil149

Place Mt.
Gambiar

Mt.
Gambiar

Traralgon Myrtleford Busselton Busselton Tumut Tumut

State South
Australia

South
Australia

Victoria Victoria Western
Australia

Western
Australia

New South
Wales

New South
Wales

Lat 37°34′ 37°33′ 38°14′ 36°41′ 33°52′ 33°52′ 35°12′ 35°12′

Long 140°45′ 140°53′ 146°41′ 146°34′ 115°58′ 115°58′ 148°22′ 148°22′

Elevation (m) 65 70 93 370 120 815 800

Mean annual precipitation
(mm)

690 680 760 1,100 1,100 1,150 1,150

Soil type Sandy Sandy Sandy
loam

Sandy
loam

Clay loam Clay loam Sandy clay
loam

Sandy clay
loam

Site type 2nd PR 2nd PR Pasture Pasture Pasture 2nd PR

No families 100 216 100 100 216 169 100 140

No families measured
2007

87 96 87 96 97 83 87 59

No replicates 4 3 4 4 3 3 4 3

Replicates measured 2007 1, 2, 4 1, 2, 3 1, 2, 3, 4 1, 2, 3 1, 3 4, 5, 6 1, 2, 3 1, 2, 3

Trees per plot 4 4 4 4 5 3 4 4

Trees measured per plot
2007

2 2 2 2 2 2 2 4

Spacing (m) 3×3 3×3 2.8×3.6 3×3 3×3 3×3 3×3 3×3

The RAD199 and VRC60 trials no longer exist. Some details taken from Wu and Matheson (2002)

Fig. 1 Locations of eight trial
sites for Australia-wide radiata
pine diallel mating progenies
(Adapted from Wu and
Matheson 2005)

116 Tree Genetics & Genomes (2010) 6:113–125



due to specific combinations of males and females; e is the
vector of random residual deviations of individual trees;
X, Z1 and Z2 are incidence matrices relating to the model
effects. It was assumed that the random terms are jointly
normal with moments:

E að Þ ¼ E sð Þ ¼ E eð Þ ¼ 0

and

VAR
a
s
e

2
4

3
5 ¼ As2a� Is2s� Is2e

where � is the direct sum of matrices related to the
random terms in the model; A is the additive genetic
relationship matrix between trees and I is an identity
matrix; ŝ2

a is the additive genetic variance; ŝ2
s is the

variance due to SCA; ŝ2
e is the residual variance.

A general linear mixed model was fitted to data to
estimate variance components for combined sites.

y ¼ Xbþ Zaþ e ð2Þ

where y is the vector of individual observations; b is the
vector of fixed-effects parameters (overall mean, site and
blocks within site); a is the vector of random effects
parameters including additive effects, SCA, additive-by-site
interaction and SCA-by-site interaction. The e is an
unknown random error vector; X and Z are known design
matrices for fixed and random effects, respectively.

For random terms, the first indication of their signifi-
cance was given by the ratio of the variance components to
their corresponding standard error. Terms for which this
ratio was >2 were regarded as significant. Terms for which
the ratio was <1 were regarded as not significant. For ratios
between 1 and 2, the likelihood ratio test was applied (−2*
(difference between log likelihoods including and exclud-
ing the term) ~χ2; Gilmour et al. 2006).

Across-site analyses may be complicated by heterogeneous
variance structures among sites if data from different sites are
not standardised (e.g. Costa e Silva et al. 2000). In this study,
the across-site heterogeneity of additive genetic and environ-
mental variance estimateswas not significant (based onAkaike
Information Criterion—see Lynch and Walsh (1998)). As
such, correction for heterogeneous variances was not needed.

Table 3 Variance components, heritability estimates and standard errors, and trait means and standard deviations from individual site analyses for
each trait separately

Site Bil133 Bil149 PT5455 PT5459 RAD211 RS27A RS27B VRC52

Term Diameter (DBH)

SCA variance 0 ns 1.64 ns 0.68 ns 0.42 ns 1.10 ns 0.99 ns 0 ns 0.06 ns

Additive variance 5.38 4.50 ns 2.86 1.72 7.36 5.36 2.88 ns 3.18

Residual variance 27.08 25.87 12.89 9.36 25.23 24.68 30.30 15.25

hb
2 0.17±0.08 0.14±0.10 0.17±0.09 0.15±0.08 0.22±0.11 0.17±0.09 0.09±0.07 0.17±0.07

Mean DBH (cm) 23.9±5.8 25.6±5.6 30.5±4.0 25.8±3.4 28.5±5.8 30.4±5.5 31.4±5.9 29.5±4.4

CVA (%) 9.7 8.3 5.5 5.1 9.5 7.6 5.4 6.0

Term Density (DEN)

SCA variance 22 ns 163 73 ns 17 ns 6 ns 9 ns 1.32 ns 0 ns

Additive variance 380 0 ns 412 169 332 234 229 467

Residual variance 245 391 769 375 225 403 575 1954

hb
2 0.59±0.13 0 0.32±0.12 0.30±0.11 0.59±0.14 0.36±0.11 0.29±0.10 0.19±0.06

Mean Density (kg m−3) 429±26 428±24 437±35 416±25 419±24 374±30 363±26 377±49

CVA (%) 4.5 – 4.6 3.1 4.3 4.1 4.2 5.7

Term Time-of-flight (TOF)

SCA variance 36.29 24.63 100.55 22.49 109.26 32.10 37.53 138.61

Additive variance 36.61 ns 70.91 ns 0.79 ns 21.65 ns 6.89 ns 275.84 340.28 370.45

Residual variance 436.20 485.81 588.97 332.11 876.75 879.68 964.86 1174.11

hb
2 0.07±0.08 0.12±0.10 0.00±0.08 0.06±0.07 0.01±0.07 0.23±0.09 0.25±0.11 0.22±0.11

Mean TOF (μs m−1) 324.67±22.9 341.42±24.2 305.72±26.7 330.45±19.8 358.28±35.7 357.50±37.4 374.27±33.8 385.21±42.9

CVA (%) 1.9 2.3 0.1 1.4 0.7 4.7 4.9 5.0

CVA is the coefficient of genetic variation

ns not significant
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Estimates of heritability were obtained for each trait at
each site using the variance components from the univariate
single-site analyses. Standard errors were also estimated
after Gilmour et al. (2006).

ĥ2b ¼
ŝ2
ai

ŝ2
pi

¼ ŝ2
ai

ŝ2
ai
þ ŝsi þ ŝ2

ei

ð3Þ

where ĥ2b is the individual-tree narrow-sense heritability for
each trait at each trial, and ŝ2

pi
is the phenotypic variance.

Variances are not independent of the scale and mean of
the respective traits (Sokal and Rohlf 1995). Therefore, to
relatively compare genetic variances of the different traits
across tests, a parameter measuring the genetic coefficient
of variation was calculated as:

CVA ¼ sa=x� 100 ð4Þ

where

CVA coefficient of additive genetic variation
σa square root additive genetic variance for a trait and
x population mean for the trait

The CVA expresses the genetic variance relative to the
mean of the trait of interest and gives a standardised
measure of the genetic variance relative to the mean of the
trait. The higher the coefficient of additive genetic variation
for a trait, the higher is its relative variation.

Genetic correlations between traits x and y were obtained
from the estimated additive covariance and variance
components (using the individual tree model) as:

rG ¼ saxayffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
ax
s2
ay

� �r ð5Þ

where

saxay additive genetic covariance component between
traits x and y

s2
ax

additive genetic variance component for trait x
s2
ay

additive genetic variance component for trait y.

Standard errors were obtained by Taylor expansion
within the ASReml programme.

One conceptual approach to GEI has been to consider
the expression of a trait in two or more environments as a
manifestation of two distinct traits. For example, different
genes may be operative in one environment and not in
another. This approach allows one to estimate genetic
correlation between the two traits (i.e. the trait measured in
two environments). This correlation has been termed a type
B genetic correlation (rBg; Burdon 1977). In order to
measure the extent of genotype-by-environment interaction

for each of the traits, between-site type B genetic
correlations and their standard errors were estimated as

r̂BADDITIVE ¼ sa1a2ffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
a1
s2
a2

q ð6Þ

where r̂BADDITIVE is the type B genetic correlation of additive
genetic effects across sites and all other terms as defined in
Eq. 4. A value of r̂BADDITIVE close to one indicates little
genotype-by-environment interaction, while a low r̂BADDITIVE

indicates extensive genotype-by-environment interaction,
and parental rankings may change across sites. An
individual tree model was used for this analysis.

Single site analyses yield an estimate of heritability (hb
2)

which is biassed upward by the presence of GEI variance
(Hodge and White 1992). In the analysis of single-site data,
the interaction between additive genetic effects and environ-
mental effects is confounded with additive genetic effects
(Yamada 1962). The inability to separate additive-by-
environment effects from the additive effects means that the
estimated additive genetic variance and, consequently, the
heritability are biassed upwards (Burdon 1977; Dickerson
1962; Comstock and Moll 1963). Unbiased estimates of
heritability and type B genetic correlations for additive effects
(rBADD) and type B genetic correlations for full sibs (rBFS; e.g.
Baltunis et al. 2007a) were estimated from a pooled-site
analysis.

Selection index-by-environment interaction

Greaves (1999) modelled a radiata pine production system for
sawn timber and liner board products and reported the
economic weights for different traits as change in profitability
index (i.e. present value of profit as a percentage of present
value costs) per unit trait change. The change in profitability
index per unit trait change in mean annual increment (MAI)
was 0.76%, and for wood density, it was 31%. Assuming that
the weights are linear over a wide range of trait values, this
would translate in approximately 1:1 weight proportion for
unit change in volume (VOL; cubic metre per hectare) and
DEN (kilogram per cubic metre). Apiolaza and Garrick (2000)
reported breeding objectives for an integrated firm in Chile
comprising a production forest, a sawmill and a pulpmill.
Breeding objectives were derived for three management
regimes: 1VOL+2.4DEN for pulp, 1VOL+1.1DEN for
intermediate and 1VOL+1.2DEN for intensive regime. In a
more recent study, Ivković et al. (2006) derived economic
weights for radiata pine integrated production systems in
Australia. Growth, measured as MAI (cubic metre per
hectare per year), received economic weight of Aus$416,
and wood quality measured by MoE (GPa) received
economic weight of Aus$977. Assuming that the percent
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increase in MoE would have approximately same value as
wood density, this would translate to approximately 1:2
weight proportion for unit change in VOL (cubic metre per
hectare) and DEN (kilogram per cubic metre).

We considered the range of relative economic weights for
growth MAI or VOL and wood quality (DEN or MoE)
reported in the literature (Greaves 1999; Apiolaza and Garrick
2000; Ivković et al. 2006). Based on the individual trait
economic weights reported in the literature, we created three
scenarios for index selection. Assuming that 1-cm change in
DBH can result in change in average tree VOL of 0.05 to
0.15 m3 (Lewis et al. 1976, Table IV.1); the weights for VOL
(cubic metre per hectare ) and DEN (kilogram per cubic
metre) would indicate that 1-kg/m3 change in DEN can have
between 1% and 15% of the economic value due to 1-cm
change in DBH. Therefore, we created an index with a low
(1%) weight on DEN (INDEXLD), an intermediate (7.5%)
weight on DEN (INDEXMD) and a high (15%) weight on
DEN relative to DBH (INDEXHD) as follows:

INDEXLD ¼ DBHþ 0:01� DEN
INDEXMD ¼ DBHþ 0:075� DEN
INDEXHD ¼ DBHþ 0:15� DEN

We then analysed the data by fitting Eq. 2 to investigate
whether there would be GEI for composite selection index
values.

Results

Trait means

The overall mean values for DBH, DEN and TOF for each
site are presented in Table 3. DBH ranged from 23.9 cm at
Bil133 in New South Wales to 31.48 cm at RS27B in
Western Australia. DBH was lowest at two sites (Bil133
and Bil149) in New South Wales. Density values were
highest at PT5455 in South Australia, followed by Bil133
and Bil149 in New South Wales, with density values
ranging from 428 to 437 kg m−3. Lowest density values
were recorded at RS27B and RS27A in Western Australia
(363 and 374 kg m−3). As might be expected, TOF was the
highest at the sites with lowest density. Average TOF over
1 m was lowest at PT5455 (305.72 μs m−1) and highest at
VRC52 (385.21 μs m−1; Table 3). Genetic coefficient of
variation (CVA) for DBH, DEN and TOF ranged from 5.4%
to 9.7% for DBH, 3.1% to 5.7% for DEN and 0.1% to 5.0%
for TOF. As might be expected, CVA for DBH and DEN
matched expectation (Wu et al., 2008), i.e. more genetic
variation in DBH growth compared to wood quality traits
such as DEN and TOF (Table 3).

Single trait, individual site analyses

Estimates of variances and associated genetic parameters for
DBH, DEN and TOF are presented in Table 3. We observed
low heritability estimates for DBH, ranging from 0.09±
0.07 to 0.22±0.11 across sites. Additive genetic variance
for DEN was moderate to high, (and heritabilities low to
high (0.19±0.06 to 0.59±0.14)) at all sites except Bil149
where the additive genetic variance was zero. Non-additive
genetic variance was much higher at Bil149 than at other
sites (Table 3). Residual variance was much the same at all
sites except at VRC52 which had high residual variance.

For acoustic TOF, the additive genetic variance and
heritability was insignificant at five of the eight sites
(Table 3). Heritability for TOF at RS27A, RS27B and
VRC52 was small (0.22±0.11 to 0.25±0.11). Non-additive
genetic variance was much smaller than additive genetic
variance at RS27A, RS27B, Bil149 and VRC52.

Trait–trait genetic correlations

Because of the general lack of significant additive genetic
variation for TOF at five of the sites, it was not possible to
estimate meaningful trait–trait genetic correlations between
TOF and either DBH or DEN. As might be expected for
radiata pine, genetic correlations between DBH and DEN
were always negative and/or much the same or smaller than
their standard errors. For example, at Bil133, the genetic
correlation between DEN and DBH was −0.22±0.23.
Similarly, at PT5455, the genetic correlation between
DEN and DBH was −0.09±0.35.

Genotype-by-environment interactions

There were nine and 14 pair-wise estimates of type B
additive genetic correlations for DBH and DEN, respec-
tively (Table 4). In cases where additive genetic variance
was not significant, no estimates of type B additive genetic
correlations were estimated. For DBH, pair-wise type B
additive genetic correlations ranged from 0 to 1. For
example, DBH at one site in NSW (Bil133) had a correlation
of zero with DBH in trials in SA (PT5455 and PT5459),
suggesting evidence of GEI. These correlations indicate a
large amount of variation due to families changing rank
across sites. In contrast, DBH at sites other than Bil133 had
type B additive genetic correlations ranging from 0.67 to
1.00, suggesting very little family-by-site interaction. DEN
had type B additive genetic correlations ranging from 0.70 to
1.00, with an average of 0.73.

Type B genetic correlations for DBH and DEN due to
both additive and non-additive effects are presented in
Table 5. Type B genetic correlations for DBH due to full-
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sib family effects were relatively low (rBFS=0.51±0.14),
suggesting evidence of GEI (Table 5). For DEN, type B
genetic correlations due to full-sib family effects were
moderate (rBFS=0.64±0.08), indicating a lack of GEI for
non-additive genetic effects (Table 5).

Discussion

Trait means

Growth rates for radiata pine reported in this study are
consistent with second rotation growth rates in radiata pine
and other conifers (Dieters et al. 1995; Gapare et al. 2001;
Burdon et al. 1992a, b; Li and Wu 2005; Johnson et al.
2008). It appears trees grew faster at RS27A and RS27B in
Western Australia and VRC52 in Victoria. Previous assess-
ments at age 11.5 years also showed that these trials had
higher growth rates relative to other trials (Wu and
Matheson 2002). The three sites were characterised by

low elevation (93 to 120 m), high mean annual rainfall of
1,100 mm and were previously pasture sites, whereas other
sites are second-rotation of radiata pine crop (see Table 2).
DBH was lowest in two trials in NSW. These two sites are
characterised by high mean annual rainfall (1,150 mm) but
were on second-rotation of radiata pine crop sites. In this
case, it appears growth was driven by soil fertility and
temperature, rather than mean annual rainfall. In addition,
the two sites in New South Wales experience cooler temper-
atures (mean maximum = 16oC; mean minimum = 7oC) and
higher elevation (Table 2), which may limit growth potential
of radiata pine. Another difference between the two regions
was elevation. It appears radiata pine grows differently
on ex-pasture and second-rotation sites. For possible
expansion of radiata pine plantations, candidate areas
would be low elevation sites with higher rainfall and
warmer temperatures.

Density values were highest at PT5455 in South Australia,
followed by Bil133 and Bil149 in New South Wales, with
density values ranging from 428 to 437 kg m−3. However, an

Table 4 Type B additive genetic correlations between eight sites in Australia for DBH and density in radiata pine

RS27A RS27B Bil133 Bil149 VRC52 RAD211 PT5455 PT5459

DBH

RS27A 0.81±0.30 0.67±0.40 – – 0.85±0.32 0.86±0.50 0.91±0.29

RS27B – – – – – –

Bil133 – – 1.00a 0 0

Bil149 – – – –

VRC52 – – –

RAD211 0.97±0.35 0.93±0.31

PT5455 0.26±0.52

PT5459

Density

RS27A 0.84±0.15 0.94±0.14 – 0.93±0.22 0.84±0.13 1.00a 0.88±0.18

RS27B – – – 0.81±0.15 – 0.70±0.23

Bil133 – 0.78±0.14 0.78±0.18 0.81±0.12 –

Bil149 – – – –

VRC52 – – –

RAD211 1.00a 0.94±0.15

PT5455 0.98±0.22

PT5459

– Not estimated because additive genetic variance was not significant
a Absolute values greater than one are arithmetically possible but are meaningless, and in the table they have been set to unit

Parameter DBH Density INDEXLD INDEXMD INDEXHD

h2 0.08±0.02 0.38±0.10 0.08±0.03 0.09±0.04 0.17±0.06

rBADD 0.51±0.14 0.73±0.08 0.52±0.13 0.59±0.15 0.68±0.12

rBFS 0.63±0.11 0.64±0.08 0.67±0.10 0.64±0.12 0.62±0.10

Table 5 Heritability estimates
and average type B genetic
correlations for DBH, density
and composite trait (INDEX)
from pooled-site analyses in
radiata pine across Australia
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inspection of some of the cores sampled at PT5455 seemed
to suggest that some of the trees had compression wood
which would account for the higher density values observed.
For example, some cores had densities as high as 600 kg
m−3. A preliminary investigation suggested no family trends
for compression wood—i.e. no specific families had com-
pression wood (data not shown). It may be possible that trees
growing at PT5455 have a relatively higher percentage of
latewood density, hence, higher overall density. Lowest
density values were recorded at RS27B and RS27A in
Western Australia (363 and 374 kg m−3).

TOF could be regarded as an indication of modulus of
elasticity. Longer flight times are associated with lower
stiffness values (Matheson et al. 2008). Generally, faster
growth rates are associated with lower density as evidenced
by our results. As might be expected, TOF was the highest
at the sites with lowest density. Average TOF over 1 m was
lowest at PT5455 (305.72 μs m−1) and highest at VRC52
(385.21 μs m−1; Table 3). Several studies have shown that
acoustic velocities measured using the time-of-flight method
give a good indication of static MoE (Carter et al. 2005;
Grabianowski et al. 2006; Auty and Achim 2008).

Single trait, individual site analyses

Heritability for DBH in radiata pine has been estimated in
many studies in Australia and New Zealand. Most genetic
studies have found low to moderate individual tree
heritabilities for DBH ranging from 0.13 to 0.33 (Cown et
al. 1992; Nyakuengama et al. 2000; Jayawickrama 2001;
Wu et al. 2002; Wu et al. 2004). We observed low
heritability estimates for DBH, ranging from 0.09 to 0.22
across eight sites. The average of these estimates (0.08±
0.02, (n=8)) was slightly below the average for those
derived from open-pollinated progeny trials of radiata pine
(heritability ranged from 0.13 to 0.33; Cown et al. 1992;
Matheson et al. 1994; Jayawickrama 2001; Wu et al. 2002;
Kumar 2004; Li and Wu 2005). Compared to previous
heritability estimates at age 11.5 years, there was a
reduction in additive variance in the current estimates. For
example, at age 11.5 years, heritability for DBH at Bil133
was 0.36±0.08 (Wu and Matheson 2002), whereas at age
22, heritability for DBH was 0.17±0.08. Possible reasons
for the observed reduction in additive genetic variance may
be that we only assessed a sub-set of the total number of
families in each of the trials or the additive genetic variance
decreased with increased competition among trees with age.
Non-additive (SCA) effects for DBH were small in the
current population.

Larger estimates of heritabilities for DEN compared with
DBH were consistent with other research dealing with
growth and wood quality traits in radiata pine and other
conifers (e.g. Artwood et al. 2002; Kumar 2004; Li and Wu

2005; Baltunis et al. 2007b; Gapare et al. 2009). Similarly,
heritabilities for DEN were lower in this study than have
been reported elsewhere, averaging about 0.3–0.5. For
example, a review of genetic parameters for radiata pine
(Wu et al. 2008) showed heritability estimates for density to
be generally above 0.55. Lack of additive variance for
density at Bil149 was rather surprising, given that additive
variance was significant at all other sites and also that wood
density is generally under moderate to high levels of
genetic control (Zobel and van Buijtenen 1989). In
addition, SCA effects were highest and significant at
Bil149 compared to other trials. If the SCA effects are
real, then deployment of full-sib families could capture the
non-additive effects.

Lack of additive genetic variance in the AWD trials
using acoustic tools may be real or genetic diversity in the
AWD full-sib crosses (each parent only mated with five
other parents) may be low due to the relatively small
mating numbers for each parent in full-sib crosses (Wu and
Matheson 2005). Secondly, although tools such as IML
hammer have been considered useful to assess acoustic
stiffness on young standing trees, this may not be applicable
to mature age trees. In a preliminary study on 20 year-old
Douglas-fir in New Zealand, there was no evidence of
additive genetic variance in trees measured with an acoustic
tool (H. Dungey, personal communication).

One noteworthy observation from this study of mature
trees (20/21 years) and a previous study of young trees
(6/7 years) is that heritability for acoustic time of flight at
young ages was much higher (0.54; Matheson et al. 2008)
than mature age (average 0.12) in this study. Similarly,
heritability for wood density at young ages was higher
(0.65 of average of two sites (Baltunis et al. 2007b) than
mature age (average 0.33) in this study. The trees measured
at earlier ages almost certainly contained juvenile corewood
only (Burdon et al. 2004). This may indicate that there was
probably more variation in juvenile core wood than mature
wood in the current study. Dungey et al. (2006) reported
considerable variation and high heritability estimates in
wood stiffness in corewood, but less variation and lower
heritability estimates in outerwood of radiata pine.

The limited number of individuals per family might have
contributed to genetic correlation estimates with high
standard errors. However, literature suggests a negative
genetic correlation between DEN and DBH in radiata pine
and other species. Kumar (2004) reported a negative
genetic correlation of −0.16 between DEN and DBH in
juvenile core of radiata pine. More recently, Gapare et al.
(2009) reported a negative genetic correlation of −0.55
between DEN and DBH in the juvenile core of radiata pine.
Johnson and Gartner (2006) in coastal Douglas-fir also
reported a negative genetic correlation between DBH and
MoE (stiffness). Similarly, Artwood et al. (2002) reported a
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negative genetic correlation between volume and specific
gravity in loblolly pine. Wu et al. (2008) reviewed
estimates of genetic parameters including genetic correla-
tions between density and growth in radiata pine and
reported an average genetic correlation of −0.48.

Genotype-by-environment interactions

Type B genetic correlations for DBH ranged from 0 to 1,
which suggests that a large amount of variation due to
families changing rank across sites, but stable families
could be identified. Previous analysis on GEI for growth
reported in Wu and Matheson (2005) appeared to be
confirmed. The two NSW sites (Bil133 and Bil149) appear
to be rather different from most other sites. Further ex-
amination of GEI for DBH growth revealed that two trials
(Bil133 and Bil149) in New South Wales formed a group
within which there was no significant GEI. Existence of GEI
for DBH has been reported in other radiata pine studies
(Matheson and Raymond 1984; Raymond and Hensen
2009). Similarly, large GEI for growth traits has also been
reported in other conifers (McKeand et al. 1990; Hodge and
Dvorak 1999; Sierra-Lucero 1999; McKeand et al. 2006).

Type B genetic correlations for DEN were typically
high. This lack of GEI effect has been commonly reported
in wood density studies in fast growing conifers (Jett et al.
1991; Zobel and van Buijtenen 1989; Hodge and Purnell
1993). In general, wood properties for radiata pine exhibit
little interaction with the multiple environments. This lack
of GEI is ideal for large breeding programmes such as the
radiata pine breeding programme which span many
differing environments without the need to define multiple
breeding or deployment units (e.g. Artwood et al. 2002).

The available diallel data allowed an assessment of GEI
at half-sib and full-sib family levels. Depending on trait,
full-sib families are expected to display a higher degree of
interaction with the environment than half-sib families
because both additive and non-additive effects may con-
tribute to GEI (e.g. McKeand et al. 2008). Furthermore,
there is less genetic variance within each family (i.e. a
lower level of buffering to environmental variations) and
more of the genetic variance exists among families
(Falconer and Mackay 1996). Interestingly, our results
(Table 5) for GEI effects due to half-sib families or full-
sib families were relatively the same. This suggests that
some full-sib families may be stable for DBH growth across
radiata pine plantation estate in Australia. Using a similar
analysis, McKeand et al. (2006) investigated stability of
loblolly pine full-sib families across different sites and
reported lack of GEI for both GCA (rBGCA=0.77) and SCA
(rBSCA=0.69) effects for height.

It is interesting to note that PT5455 in South Australia
had relatively high density and faster growth which is a

rather unusual combination. Perhaps this was a result of a
few families reacting more than others. However, the type
B genetic correlations for DEN among sites suggested little
GEI, but the standard errors of the estimates were high.
These results confirm that wood quality traits are known to
be stable across a range of sites (Zobel and van Buijtenen
1989). Burdon et al. (1992b) also observed minimal family-
by-site interaction for wood density in New Zealand.
However, there is always need to ascertain whether any
significant GEI has biological importance or not, since most
measures of GEI are population statistics. Even when GEI
is low in a population, there can be individual families that
display unpredictable reactions to specific sites.

Selection-index-by-environment interaction

Generally, there was evidence of GEI for the composite
index values under a range of economic weights (Table 5).
For example, type B additive genetic correlation (rBADD)
estimates for scenarios with 1% and 7.5% relative econom-
ic weights on DEN (Table 5) were more similar to the
estimate obtained for DBH (rBADD=0.51). This suggested
that GEI for the composite index with low weight on DEN
is more influenced by DBH. However, as the relative
economic weight on DEN increased to 15%, the type B
additive genetic correlation estimate increased to rBADD=
0.68 and was more similar to that of DEN as a single trait.
Similarly, type B genetic correlation for full-sibs with low
and intermediate weight on DEN were high rBFS=0.67 and
rBFS=0.64, respectively, which was similar to that of DBH.
These results suggest that DBH influenced GEI for the
composite index at low weight on DEN, but as its economic
weight on DEN increased, the influence of DEN also
increased.

Implications for radiata pine breeding and deployment
in Australia

Different GEI patterns among DBH and DEN are a
challenge for tree breeders as well as the observed negative
genetic correlation between DBH and DEN. Examination
of GEI showed that there are regional patterns for GEI in
Australia which would have to be taken into account in
order to optimise deployment of improved germplasm.
These results give strong support to regionalization of
radiata pine breeding into two main regions—the high-
elevation NSW and all-non-NSW sites of Victoria, South
Australia and Western Australia. Similar conclusions were
reported by Wu and Matheson (2005) for DBH when the
AWD trials were around 11 years. However, mere signif-
icance of GEI is not sufficient evidence upon which to
subdivide a breeding programme. It is possible that the
advantages of a larger population within which to carry out
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selection will outweigh some of the effects of interactions
so that a single programme would be more efficient.

The implications for deployment of both half-sib and
full-sib families are evident. Full-sib families will be just as
stable as half-sib families for DBH growth within defined
geographic regions. With a mixed mating structure being
used to generate full- and half-sib families (White et al.
1999) for operational deployment, forest managers should
be able to plant well tested crosses with confidence in their
performance across the radiata pine plantation estate.

Although the results gave strong support to a relatively
homogenous genetic behaviour of DEN across radiata pine
plantation estate, DBH appeared to be influencing GEI for
the composite trait under a range of economic weights. GEI
was found for both DBH and the selection index across
radiata pine plantation estate in Australia. However, as the
economic weight on DEN increased, the influence of DEN
also increased and GEI decreased. However, index weights
vary not only with economic weights but also with changes
in variances and covariances, and a selection index is a
dynamic entity that may differ across populations and
breeding programmes. Selection index is an economic
construct for a particular production system, rather than a
biological trait, and genetic control of the selection index is
of more practical interest to breeders.

Long-term breeding strategies would also require an
understanding of how index selection affects genetic
correlations, particularly for adverse ones such as DEN
and DBH growth. Restricted selection index that restricts
changes in one trait while maximising the response in
another trait may be a viable option for genetic improve-
ment of two negatively correlated traits. However, in the
long-term, simultaneously purging of the adverse genetic
correlation (by selecting “correlation breakers”) and opti-
mising index selection may be the best selection strategy in
multiple-trait selection breeding programmes with adverse
genetic correlations (e.g. Gapare et al. 2009).

Conclusions

1 Better growth rates in radiata pine at 20/21 years were
observed in Victoria, South Australia and Western
Australia than in high elevation sites of New South
Wales. Similar conclusions were reported by Wu and
Matheson (2005) for DBH when the AWD trials were
around 11 years.

2 Additive effects were generally significant forDBH growth
and DEN, but SCAwas insignificant for both traits.

3 We were unable to detect any significant additive
variance for acoustic time-of-flight in five of the eight
trials assessed. We conclude that acoustic tools may not
be ideal for assessing mature trees (20/21 years).

4 As expected, there was a general tendency towards a
negative genetic correlation between DBH and DEN at
all sites.

5 Type B genetic correlation for additive effects for DBH
was moderately low, suggesting evidence of GEI,
whereas type B genetic correlation for full-sib families
was higher indicating, that stable full-sib families exist.

6 Type B genetic correlations for DEN were high,
indicating a lack of GEI for both additive and non-
additive genetic effects for DEN.

7 DBH influenced GEI for the composite index at low
weight on DEN, but as its economic weight on DEN
increased, the influence of DEN also increased and so
did the type B genetic correlation for the index value.
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