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Abstract

Five genetic tests involving 70 somatic clones of
coastal Douglas-fir (Pseudotsuga menziesii var. men-
ziesii) were planted March–April 1999 in Weyerhaeuser
plantations across western Washington and Oregon
states, USA. Four of the tests are in the Longview and
Twin Harbors regions of Washington, and one test is in
Springfield, Oregon. Each test is designed as single-tree
plots with 12 randomized complete-blocks. The 70
coastal Douglas-fir clones were propagated by somatic
embryogenesis (SE) from two full-sib families created by
crossings among three parents. Results are reported for
height, diameter at breast-height (DBH) and stem vol-
ume measured at 71/2-years; and stem sinuosity, stress
wave velocity (SWV) and pilodyn at 61/2-years. Within-
family clonal heritabilities (or repeatabilities) were esti-
mated as the ratio of the variance between-clones with-
in-families to the overall phenotypic variance. Variance
between families was not included in the numerator of
the heritability equation because the 70 SE clones are
from only two full-sib families.

Height had a within-family clonal heritability of
0.31 ± 0.04, DBH 0.27 ± 0.04, volume 0.24 ± 0.04, stem
sinuosity 0.13 ± 0.02, SWV 0.45 ± 0.04 and pilodyn
0.31 ± 0.04. The three growth traits were all closely
genetically associated with clonal correlations among
them of 0.86 to 0.98. Clonal performance for growth
proved quite stable across tests with an overall between-
test clonal correlation of 0.80 ± 0.04 for stem volume,
meaning that clone x test interactions only accounted
for a minor part of the total variance. The between-test
correlation was 0.79 ± 0.06 for sinuosity, 0.96 ± 0.01
SWV and 0.86 ± 0.03 for pilodyn.

Key words: Coastal Douglas-fir, Pseudotsuga menziesii, somatic
embryogenesis, adaptability, within-family clonal heritability,
clonal stability, wood properties.

Introduction

Coastal Douglas-fir (Pseudotsuga menziesii var. men-
ziesii) is an important commercial forest species in
North America and has been a major focus of genetic
improvement. Weyerhaeuser manages one of the most
advanced genetic improvement programs of coastal Dou-
glas-fir that began in the mid-1950s to improve growth,
stem and wood quality (STONECYPHER et al., 1996; DEAN

and STONECYPHER, 2006; DEAN, 2007; DEAN, 2008; DEAN

et al., 2009). Weyerhaeuser’s coastal Douglas-fir breed-
ing activities are today well into the third generation of

selection and testing. A core part of Weyerhaeuser’s
advanced-generation improvement strategy is the use of
somatic embryogenesis (SE) and manufactured seed
technologies to bring more concentrated investment on
elite genotypes in nucleus breeding populations (DEAN,
2007; DEAN, 2008; DEAN et al., 2009).

SE is an in vitro tissue culture technique that involves
repeating the normal conifer polyembryony process in
zygotic seed embryo development to produce genetically
identical embryos. These embryos can be grown ex vitro
as seedlings in a nursery to produce clonal trees for
genetic testing and plantation establishment. NAGMANI

et al. (1991) and GUPTA et al. (1994) reported various
aspects of SE technologies applied specifically to cloning
Douglas-fir. The integration of SE technologies into
genetic improvement programs raises possibilities of
enhanced genetic gain through more rapid and flexible
deployment of superior genotypes, as well as long-term
storage of embryo tissue in cryopreservation (CHELIAK

and ROGERS, 1990; PARK et al., 1998; BENOWICZ et al.,
2002; HARGREAVES et al., 2002; SUTTON, 2002; ALLAN,
2003; HÖGBERG, 2003; CYR et al., 1994; GROSSNICKLE and
FOLK, 2005).

Thorough analysis of genetic improvement strategies
with SE and the integration of SE technologies into con-
ventional genetic improvement programs require reli-
able estimates of genetic parameters including heritabil-
ities, genetic variances and correlations. These genetic
parameters are required to: (i) estimate gains from SE
clonal selection on specific traits and indirect correlated
changes in other traits, (ii) optimise genetic testing, and
(iii) design appropriate selection and breeding strate-
gies. DEAN (2008) and DEAN et al. (2009) present esti-
mates of within-family clonal genetic parameters for
growth and stem sinuosity at 51/2 to 71/2-years after
planting across a range of genetic tests of somatic clones
of coastal Douglas-fir in western Washington and Ore-
gon States, Pacific Northwest USA.

The study reported here is based on five field tests
established in 1999 across Washington and Oregon, and
involving 70 SE clones of coastal Douglas-fir propagated
from two full-sib families. DEAN (2008) has reported
genetic parameters for growth traits only at 51/2-years
for the same 1999 series of genetic tests. The current
study presents clonal genetic parameters estimated on a
within-family basis for stem and wood quality traits at
61/2-years after planting, as well as growth at 71/2-years.
These appear to be the first published estimates of
genetic parameters of SE clones for wood quality of Dou-
glas-fir and are within-family clonal genetic parameters
that do not include variance between-families.
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Experimental Details

Sites, Establishment and Silviculture

The five genetic field tests were planted March–April
1999 in Weyerhaeuser Company plantations across
western Washington and Oregon states, and included 70
clones of coastal Douglas-fir propagated from two full-
sib families using SE (GUPTA et al., 1994). Tests identi-
fied as LV1 and LV2 are in the Longview region of
Washington; TH3 and TH4 in Twin Harbors, Washing-
ton; and SP5 in Springfield, Oregon. The tests were
planted by hand using containerized seedlings at 3,020
trees per hectare (1.82 m x 1.82 m). Site and establish-
ment details of all five genetic tests are summarised in
Table 1.

Genetic Material

The 70 coastal Douglas-fir clones were propagated by
SE from two full-sib families that were related through
a common female parent: 43 clones were propagated
from family AxB (female A x male B); and 27 clones from
family AxC. All three parents A, B and C were first-gen-
eration plus trees selected from natural stands of
coastal Douglas-fir in Longview (DEAN, 2008).

Somatic Embryogenesis Technology

The somatic seedlings were produced using SE proce-
dures and media for Douglas-fir as described by GUPTA

et al. (1994). In summary, the protocol started with
excising immature zygotic embryos from variable num-
bers of seeds of each full-sib family. Embryonic suspen-
sor masses (ESM) were then initiated in vitro from the
individual excised embryos using a semi-solid medium
containing mineral nutrients, sucrose and vitamins. The
next step involved multiplication of the ESM cultures by
weekly subculture in fresh liquid medium. An in vitro
development step followed in which mature somatic
embryos were produced on pads soaked in high osmolali-
ty liquid development medium containing abscisic and
gibberellic acid, as well as activated charcoal (GUPTA et
al., 1994).

The germinants were then transferred to ex vitro
nursery conditions. This transfer involved the individual
selection of good quality (based on size and morphology)

somatic germinants with epicotyls. These germinants
were transplanted into a mixture of peat, vermiculite
and perlite in 164 cm3 “supercell” containers. All somatic
seedlings were grown in the same greenhouse for one
year and had morphology and growth rates within the
normal range exhibited by zygotic seedlings.

Field Design

All five genetic tests were designed as single-tree plots
of the 70 somatic clones randomised across 12 complete-
replicates.

Measurements

In December 2006 (at over 71/2-years after planting)
all surviving trees in all tests were measured for height
using poles; and stem diameter over-bark at breast-
height (DBH at 137 cm) using diameter tapes. Stem vol-
ume over-bark was estimated from height and DBH for
each tree using the small-tree volume equation devel-
oped by BRUCE and DEMARS (1974). Survival was calcu-
lated as the percent of trees planted that survived to
71/2-years.

Stem sinuosity was assessed in December 2005 (at
about 61/2-years) by estimating deflection of the stem
from vertical using the following five scores: Score
0 = straight, score 0.25 = 0.25 inch (0.64 cm) deflection,
score 0.5 = 0.50 inch, score 1 = one inch, and score
2 = two inches (5.08 cm) or more.

Stress wave velocity (SWV) and pilodyn were mea-
sured on all standing trees in October 2005 (61/2-years)
across the five tests. SWV was measured over a one-
metre section of the tree’s stem (from 0.5 to 1.5 metres
above ground level) using a TreeSonic timer. The
TreeSonic timer is a patented acoustic device designed
to measure stress wave propagation in standing trees
(HUANG, 2005). A signal is generated by a hammer tap
on one sensor and the time it takes to reach a second
sensor is recorded. The distance between the two sen-
sors (in this case one metre) is used to calculate the
velocity in the fibre direction. Fibre direction velocity
correlates well with Modulus of Elasticity (MOE) of
wood, with greater SWV indicating greater MOE
(ANONYMOUS, 2006).

Table 1. – Site parameters for genetic tests LV1 and LV2 (Longview, Washington);
TH3 and TH4 (Twin Harbors, Washington); and SP5 (Springfield, Oregon).
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Two pilodyn pin penetration measurements were also
made on each tree; the first was recorded just below
breast-height and the other just above breast-height.
The pilodyn measurement for each tree in this study
was taken as the average of the two recordings. Pilodyn
has an inverse association with wood specific gravity
(SG) with greater pilodyn pin penetration indicating
lower wood SG.

Statistical Methods

(1) Statistical Package: All analyses were carried out
using the ASREML (GILMOUR et al., 2006) statistical
package which is based on “Restricted Maximum Likeli-
hood” methodology (PATTERSON and THOMPSON, 1971;
SEARLE et al., 1992). ASREML makes optimal use of all
available information, has considerable flexibility in the
range of models that can be fitted and its solutions for
random effects are Best Linear Unbiased Prediction
(BLUP).

(2) MODEL 1: Was fitted to growth, stem and wood data
for the 70 somatic clones (from two families) and used to
estimate within-family clonal variance components for
each trait – (1)

TRAITijklm = µ + TESTi + REPij + FAMILYk + CLONEkl +
CLONE.TESTikl + RESIDUALijklm (1)

where TRAITijklm is the observation on the mth tree of the
lth SE clone from the kth full-sib family and growing in
the jth replicate of the ith test; µ is a fitted mean; TESTi is
the effect of the ith genetic test (i = 1–5), assumed to be a
fixed effect; REPij is the random effect of the jth replica-
tion nested within the ith test (j = 1–12); FAMILYk is the
fixed effect of the kth full-sib family (k = 1–2); CLONEkl is
the random effect associated with the lth SE clone nested
within the kth full-sib family (l = 1–43 in family AxB and
44–70 in family AxC); CLONE.TESTikl is the interaction of
clone and test; and RESIDUALijklm is a residual error
among the mth trees within the lth clone. The effect of
FAMILYk is considered fixed in MODEL 1 because two fam-
ilies are not sufficient to reliably estimate a variance
component for this effect. Preliminary analyses showed
that the interaction of family x test was not statistically
significant for any of the traits studied and so this inter-
action term was not included in MODEL 1.

It is important to note that any propagation effects
that may be associated with particular clones but not of
genetic origin (“c-effects”) are completely confounded
with CLONEkl. C-effects are commonly attributed to envi-
ronmental factors associated with the rooting of the
clone (ISIK et al., 2003; BALTUNIS et al., 2005). There
appear to be no published studies examining c-effects in
somatic Douglas-fir trees.

MODEL 1 was used to estimate variance components
for the effects of CLONE nested within-families (σ2

C with-
in-families), CLONE.TEST interaction (σ2

CT) and the
RESIDUAL within-clone error (σ2

e). Overall phenotypic
variance (σ2

P) was estimated as – (2)

σ2
P = σ2

C + σ2
CT + σ2

e (2)

Within-family clonal heritabilities (H2
C) or within-fam-

ily clonal repeatabilities were defined as the ratio of

between-clone (within family) variance to phenotypic
variance – (3)

H2
C = σ2

C / σ2
P (3)

Between-family variance has deliberately been taken
out of the numerator of Equation 3 because two full-sib
families of common female parentage is not a sufficient
sample to estimate variance for the effect of family. The
H2

C estimated by Equation 3 is actually a repeatability
parameter that gives an indication of the degree to
which a somatic clone’s superiority is repeatable, rela-
tive to other clones from the same family. The terms
“clonal heritability” and “clonal repeatability” are both
commonly used to describe H2

C.

In preliminary analyses H2
C was estimated with

between-family variance included in the clonal variance
(σ2

C) component. In this case σ2
C represents variance

among SE clones ignoring the fixed effects of families,
and H2

C the repeatability of a clone’s superiority ignor-
ing family. These estimates of H2

C ignoring family were
almost identical to corresponding within-family parame-
ters. This observation reflects the similarity of the two
particular full-sib families involved in this study with
respect to average performance of their clones. It is
important to note that the current study does not
include sufficient families to reach reliable conclusions
about the influence of family on performance of somatic
Douglas-fir clones.

(3) MODEL 2: This model is a variant of MODEL 1 and
was used to simultaneously estimate parameters specif-
ic to each individual test. In MODEL 2 the CLONE (σ2

C)
and CLONE.TEST (σ2

CT) variances were partitioned into
separate but uniformly correlated components for each
test. Expressed another way, it was assumed that the
correlation structure between all pairs of tests was uni-
form. Separate residual variances were also fitted to
each test to allow site-specific estimates of within-family
clonal heritability and between-test clonal correlations.
A between-test correlation of unity implies that the SE
clones rank the same across each of the five tests. A cor-
relation of zero implies that there is no correspondence
between the rankings of clones across the tests.

(4) MODEL 3: Is another variant of MODEL 1 and was
used to estimate between-trait clonal correlations on a
pair-wise basis. This was done by adding an extra
dimension to each term to accommodate bivariate struc-
tures, and also excluding the interaction terms. Two
variances and a covariance were fitted for the replicate
(within-test), clone (within-family) and error terms.
Thus MODEL 3 accommodates a two trait vector/matrix
of effects across all tests, while MODEL 1 is univariate
across tests.

Results and Discussion

General

Total numbers of SE trees planted, their average sur-
vival, height and wood properties across the five genetic
tests LV1, LV2, TH3, TH4 and SP5 are given in Table 2.
Survival to 71/2-years was highest at Twin Harbors
(TH3, TH4) and Springfield (SP5) with test mean sur-
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vivals ranging from 97% to 99% (Table 2). The Longview
tests had the lowest survival of 92% and 93% in LV1
and LV2, respectively. Test LV2 grew more slowly with
mean height 4.6 m at 71/2-years for SE trees, compared
with 5.2 to 6.1 m across the other tests (Table 2). Pilo-
dyn was higher (indicating lower wood specific gravity,
SG) in the Twin Harbors (TH3, TH4) and Springfield
tests SP5 (Table 2).

Clonal Variances and Heritabilities

(1) Growth: Table 3 presents ASREML estimates of
variance components and heritabilities using fitted
MODEL 1 for growth, stem sinuosity, stress wave velocity
(SWV) and pilodyn at 61/2 or 71/2-years of the 70 SE
clones across the five Washington and Oregon tests.
Table 4 presents ASREML estimates with fitted MODEL 2
of within-family clonal heritabilities for each individual
genetic test. Of the growth traits, height had the highest
within-family clonal heritability of H2

C = 0.31 ± 0.04
(Table 3), with values ranging from H2

C = 0.37 to
0.42 ± 0.05 in individual tests (Table 4). The overall esti-
mate of H2

C across all tests is lower than site-specific
estimates because of imperfect between-test correlations
due to clone x test interactions (discussed later). Within-

family clonal heritabilities for diameter at breast-height
(DBH) at 71/2-years were lower than height with
H2

C = 0.27 ± 0.04 (Table 3); values ranging from 0.31 to
0.37 ± 0.05 in individual tests (Table 4). The heritability
of volume followed DBH with H2

C = 0.24 ± 0.04 (Table 3).
It is interesting to note that the level of between-clone
variance (σ2

C) is at least three times as large as the
clone x test interaction (σ2

CT, Table 3); indicating little
interaction among SE clones for growth to 71/2-years
(discussed later).

These estimates of H2
C for growth traits imply that

appreciable SE clonal genetic variation exists within
families for growth of coastal Douglas-fir, and this varia-
tion is available for capture in SE clonal programs. The
H2

C presented in this paper give an indication of the
degree to which a somatic clone’s superiority across tests
is repeatable, relative to other clones from the same
family. As already mentioned, any c-effects that may be
present in this study are completely confounded with
H2

C, and these effects may lead to substantial bias in the
genetic parameter estimates.

DEAN (2008) reported somewhat lower levels of within-
family clonal heritability for height (H2

C = 0.25 ± 0.01),

Table 2. – Numbers of somatic trees planted, and their mean survival and
stem height at 71/2-years; and stress wave velocity (SWV) and pilodyn at 
61/2-years across genetic tests LV1, LV2, TH3, TH4 and SP5.

Table 3. – ASREML estimates and standard errors (se) determined with fitted MODEL 1 for overall means, variance components and
within-family clonal heritabilities for stem height, diameter at breast-height (DBH) and stem volume at 71/2-years; and stem sinu-
osity, stress wave velocity (SWV) and pilodyn at 61/2-years for coastal Douglas-fir somatic clones across the genetic tests LV1, LV2,
TH3, TH4 and SP5.

A Phenotypic variance (σ2
P) estimated as sum of σ2

C, σ2
CT and σ2

e.
B Clonal heritability (H2

C) is estimated as the ratio of variance between clones within-families (σ2
C) over phenotypic variance (σ2

P);
and reflects the repeatability of clonal performance. H2

C and σ2
C do not include variance between-families.
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DBH (0.21 ± 0.01) and volume (0.20 ± 0.01) at 51/2-years
across the same series of genetic tests. DEAN et al.
(2009) estimated substantially higher H2

C for height
(0.61 ± 0.09), DBH (0.64 ± 0.06) and volume (0.58 ± 0.08)
at 71/2-years across another series of four SE genetic
tests in Washington and Oregon. In the case of DEAN et
al. (2009) the parameter estimates are based on 37 SE
clones propagated from four full-sib families.

(2) Stem Sinuosity: The sinuosity score of coastal Dou-
glas-fir had a H2

C of 0.13 ± 0.02 at 61/2-years across the
five Washington and Oregon tests (Table 3). Any con-
founding c-effects present in these tests may not be
expected to be as serious for stem form as for growth.
DEAN et al. (2009) reported a within-family clonal heri-
tability H2

C = 0.26 ± 0.06 for stem sinuosity at 71/2-years
for SE clones in Washington and Oregon.

(3) Wood Properties: SWV had a high within-family
clonal heritability of H2

C = 0.45 ± 0.04 to 61/2-years across
the five Washington and Oregon tests, while pilodyn had
a heritability of H2

C = 0.31 ± 0.04 (Table 3). The site-spe-
cific within-family clonal heritability for SWV was much
lower in the Washington test TH3 (H2

C = 0.29 ± 0.05)
than in the other tests (values ranging from H2

C = 0.48
to 0.52 ± 0.05; Table 4). The between-clone variance (σ2

C)
for SWV is over eight times greater than variance due to
clone x test interaction (σ2

CT); indicating stable ranking
of clones for SWV across tests.

These H2
C appear to be the first published estimates of

genetic parameters of SE clones of coastal Douglas-fir
for wood quality. CHERRY et al. (2008) reported narrow-
sense individual heritabilities for SWV in standing
open-pollinated zygotic trees (and sawn logs) of coastal
Douglas-fir measured at 25-years across two sites in
Washington State. The individual heritability estimated
for SWV was 0.29 ± 0.09 (CHERRY et al., 2008); lower
than the clonal heritability reported here. As already
mentioned, the H2

C reported here are within-family
estimates that do not include between-family variance
in SWV.

Clonal Stability

Stability of clonal performance across tests was high
to very high for all traits, with between-test correlations
ranging from 0.79 ± 0.06 for stem sinuosity to 0.96 ± 0.01
for SWV (Table 4). These high correlations imply that

clones rank similarly across each of the five tests in Ore-
gon and Washington. A correlation of zero would imply
there is no correspondence at all between rankings
across the tests. DEAN (2008) and DEAN et al. (2009) also
report stable clonal performance for growth and stem
quality of somatic trees across Washington and Oregon.
The between-test correlations of DEAN (2008) estimated
from the same series of field tests are, as expected, very
similar to the current study with 0.84 ± 0.04 for height,
DBH and volume at 51/2-years. The stability of genetic
expression that is evident from the high between-test
clonal correlations is also reflected in the low levels of
variance due to clone x test interactions.

Correlations among Traits

Within families, height, DBH and volume were all
strongly genetically correlated at the clonal level (corre-
lations of 0.86 to 0.98; Table 5). Stem sinuosity scores
had quite strong positive (unfavourable) clonal correla-
tions with growth traits (correlations of 0.47 to 0.57;
Table 5). These correlations indicate that clonal selec-
tion within families for growth will be accompanied by
deterioration in sinuosity unless selection pressure is
also applied to the stem quality trait. DEAN et al. (2009)
also reported strong unfavourable clonal genetic correla-
tions between growth and stem sinuosity of SE clones of
coastal Douglas-fir.

Pilodyn had moderate positive (unfavourable) within-
family clonal genetic correlations of 0.38 and 0.34 ± 0.11
with DBH and volume, respectively (Table 5). Height
was less strongly unfavourably correlated with pilodyn
(0.15 ± 0.12; Table 5). In general these clonal genetic cor-
relations imply that faster growing SE clones tend to
have higher pilodyn values, which are associated with
lower wood SG. However, within-family selection of SE
clones on height growth alone should have less indirect
impact on pilodyn than selection on DBH or volume.

It is evident that SWV exhibited within-family clonal
genetic correlations of zero or near-zero with growth and
stem form (Table 5). These very small clonal genetic cor-
relations suggest that it is possible to select SE clones
for growth or stem form without any indirect effects on
SWV. There was a small negative within-family clonal
genetic correlation of –0.13 ± 0.12 between SWV and
pilodyn (Table 5).

Table 4. – ASREML estimates of within-family clonal heritabilities and standard errors determined with fitted
MODEL 2 for stem height, diameter at breast-height (DBH) and stem volume at 71/2-years; and stem sinuosity,
stress wave velocity (SWV) and pilodyn at 61/2-years for coastal Douglas-fir somatic clones in each of the genetic
tests LV1, LV2, TH3, TH4 and SP5. Overall between-test clonal correlations are also shown.
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Conclusions

Following are the main conclusions from analyses of
five genetic tests of 70 somatic clones developed from
two related full-sib families of coastal Douglas-fir and
measured at 61/2 or 71/2-years –

(1) Genetic Parameters: Within-family clonal heritabil-
ities of growth traits at 71/2-years were moderately high
with low standard errors. Heritability of height
was H2

C = 0.31 ± 0.04, DBH 0.27 ± 0.04 and volume
0.24 ± 0.04. Height, DBH and volume were all closely
genetically correlated at the clonal level within-families.
Any c-effects that may be present in this study are com-
pletely confounded with H2

C, and these effects may lead
to upward bias in the genetic parameter estimates. The
H2

C reported here are within-family estimates that do
not include between-family variance.

Within-family clonal heritabilities for stem and wood
quality traits at 61/2-years were low in the case of stem
sinuosity (H2

C = 0.13 ± 0.02) and high for SWV and pilo-
dyn (H2

C = 0.45 and 0.31 ± 0.04, respectively). Stem sinu-
osity and pilodyn had quite strong unfavourable clonal
correlations with growth traits; while SWV had zero or
near-zero clonal correlations with growth. Selection of
SE clones for growth would lead to a deterioration in
sinuosity and SWV unless selection pressure was
applied to these stem and wood traits.

(2) Clonal Stability: Clonal performance for growth
was quite stable across tests with between-test correla-
tions of 0.80 ± 0.04 for stem volume. The between-test
correlation was 0.79 ± 0.06 for sinuosity, 0.96 ± 0.01
SWV and 0.86 ± 0.03 for pilodyn. The stability of genetic
expression that is evident from the high between-test
clonal correlations is reinforced by generally low levels
of variance due to clone x test interactions.
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Abstract

The phenotypic response of genotypes across different
environments can be quantified by estimating the geno-
type by environment interaction (GxE). In a practical
sense, GxE means that the relative performance of geno-
types does not remain constant under all test conditions.
Genetic parameters and genotype by environment inter-
actions for wood density, growth, branching characteris-
tics and stem straightness were investigated in eight
radiata pine progeny trials derived from a second gener-
ation breeding population in Australia. Five trials were
on the mainland, while three trials were in Tasmania.
Generally, ĥ2 for density > branch angle > stem straight-
ness > tree diameter > branch size; and significant ĥ2

was observed for all traits and at all trials with only two
exceptions. Genetic correlations were estimated among

the five traits, and a large negative genetic correlation
observed between wood density and tree diameter indi-
cated that a selection strategy should be developed in
dealing with this adverse genetic correlation in
advanced generations of breeding for radiata pine. 

Interactions for density, branch angle, and stem
straightness were small within the two regions. Overall,
branch angle had the least GxE, followed by density and
stem straightness. Growth traits (tree diameter and
branch size) tended to be the most interactive with sub-
stantial GxE present. Genotype by regional interactions
(Mainland versus Tasmania) revealed that density and
branch angle had the least interactions (r̂B = 0.98 and
r̂B = 0.95, respectively). Branch size and tree diameter
had the highest interactions among the two regions
(r̂B = 0.55 and r̂B = 0.63, respectively). Within Tasmania,
only branch size and tree diameter had a sizable inter-
action within the three sites. In contrast, there was lit-
tle interaction for tree diameter among the Mainland
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