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ABSTRACT

Genetic parameters for basic density, pilodyn penetration and stem diameter were estimated using open-
pollinated progeny from 70 families collected from across the natural distribution of Eucalyptus globulus. Six
populations (subraces) were sampled: West Otways, Strzelecki Ranges, Furneaux Islands, King Island, north east
Tasmania and south east Tasmania. Data from three sites were analysed to determine the degree and practical
importance of genotype by environment interactions.

Basic density was under strong genetic control (individual, narrow-sense heritability ranging from 0.67 to
1.00) whilst both diameter and pilodyn penetration were under low to moderate genetic control (4* ranging from
0.16 to0 0.33 and 0.13 to 0.27 respectively). Genetic correlations between basic density and pilodyn penetration
were strong (-0.60 to —1.16) but no relationship was found between basic density and stem diameter. Subraces
ranked differently for basic density and pilodyn penetration indicating differences in the relationship between
pilodyn penetration and basic density and raising questions about the usefulness of pilodyn for general screening.

Although genotype by environment interaction was detected for diameter and basic density it is not
considered to be a serious problem for breeding programs. For diameter, the interaction was caused by three
families from the West Otway subrace. For basic density, the interaction was caused by 13 families spread across
all subraces except King Island. However, the genetic correlations for basic density between sites were moderate
to strong.

Key words: Eucalyptus globulus, stem diameter, wood properties, basic density, pilodyn, heritability, genetic

correlations, genotype by environment interaction

INTRODUCTION

Eucalyptus globulus is widely planted in southern
Australia, predominantly for kraft pulping. A breeding
objective for kraft pulping of temperate eucalypts
developed by GREAVES et al. (1997) identified tree
volume and basic density as the two most economically
important traits for breeding, followed by kraft pulp
yield. Breeding programs in southern Australia cur-
rently include these wood properties in their breeding
objective but little information is available about the
degree of genetic control of the wood properties, or
how this varies across sites.

Previous studies of genetic variation in E. globulus
in southern Australia have concentrated on estimating
genetic parameters for tree diameter (VOLKER et al.
1990; BORRALHO et al. 1995) using trials based on the
CSIRO Australian Tree Seed Centre collection (GARDI-
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NER & CRAWFORD 1987, 1988) of more than 600 open-
pollinated familiecs. The few published studies of
genetic parameters for wood properties in E. globulus
have used a limited range of seedlots or sites but
indicate that heritabilities for wood properties are
higher than those for growth traits (BORRALHO et al.
1992, 1993; COTTERILL & BROLIN 1997; DEAN et al.
1990; MACDONALD et al. 1997). As plantations of
E. globulus cover a wide range of environmental
conditions, families may be expected to differ in their
performance across sites. Determining the size and
practical importance of genotype by environment
interactions (GEI) is critical for designing tree breeding
programs and making decisions about plantation
establishment.

The wood property of interest for this study was
basic density, which is defined as the mass of oven-dry
wood per unit green volume of wood and is a critical
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quality trait for both production of pulp and paper and
for sawn timber. Two methods for assessing basic
density were used in this study: removing wood incre-
ment cores from each tree and determining their basic
density, and using a pilodyn to assess density indirectly
on standing trees.

The presence of GEI will reduce the rate of progress
possible in a breeding program. Studies of GEI in other
temperate eucalypt species have largely been restricted
to tree growth but have indicated a wide range of
different patterns of interaction; from very strong,
geographically based interactions in E. delegatensis
(GARNIER-GERE et al. 1995), to relatively small and
inconsistent interactions in E. regnans (RAYMOND et al.
1997). As wood properties are generally under much
stronger genetic control than tree growth it may be
expected that the magnitude and patterns of GEI may
differ from those observed for growth traits.

GEI may be caused by two factors: different vari-
ances between the sites, or changes in the ranking of
genotypes across sites. The significance and practical
importance of GEI may be assessed in a number of
ways, starting with significance of the interaction term
in an across site analysis of variance. However, the
statistical significance of the interaction term does not
provide information on the practical importance of the
interaction to abreeding program. SHELBOURNE (1972)
proposed that if the ratio of the interaction component
of variance to the genetic component of variance was
greater than 0.5 then the interactions were considered to
be a threat to the rate of genetic progress in a breeding
program. Another way of examining the importance of
GEI is to calculate the genetic correlations between
pairs of sites for each trait (BURDON 1977). If correla-
tions are large, then GEI would be expected to have
little impact on the rate of progress. Alternatively, the
data can be examined to determine whether any geo-
graphic patterns are present or whether the interactions
are due to particular sites or families. If only a few
families are causing the interaction, the potential

Table 1. Location, rainfall and elevation for each site.

problem caused by GEI may be avoided by not includ-
ing these families in the breeding population.

Each of the above approaches was used to examine
genotype by environment interactions for wood density,
pilodyn penetration and tree diameter using data from
three open-pollinated progeny trials of E. globulus. As
only three sites were available for analysis it was not
feasible to undertake more sophisticated analyses of
GEI such as joint regression analysis (FINLAY &
WILKINSON 1963).

MATERIAL AND METHODS

This study was based on removal of 12 mm diameter
bark-to-bark increment cores using a motor driven
coring machine which leaves a 22 mm hole through the
tree. As we did not wish to kill the sampled trees we
were restricted to sampling only those sites where trees
were sufficiently large. The minimum diameter over
bark at breast height (DBHOB) for sampled trees was
setat 15 cm. Three trials provided suitable material and
were sampled: Massy Greene in Tasmania and

. Mt Worth and Flynn in Victoria (Table 1). The Massy

Greene trial was established using 5 replicates, each
containing 25 incomplete blocks of 24 open-pollinated
families in two-tree line plots. The Victorian trials have
5 sublines based on geographic groupings of seedlots.
Each subline has 20 randomised complete blocks of
39 to 47 open-pollinated families, planted as single tree
plots. Each subline was planted as a distinct unit and
separated from other sublines by a minimum of 100 m.
Two families in each subline were E. globulus control
seedlots which were planted in all sublines. Data were
collected from these control families in each subline
and used to determine differences due to subline
location within site.

The study aimed to sample as much of the natural
range of the species as possible. Using the race classi-
fication of JORDAN et al. (1994) and pilodyn informa-
tion from a study by MACDONALD et al. (1997), six

Trial Massy Greene Mt Worth Flynn

Location Tasmania Victoria Victoria

Owner North Forest Products Australian Paper Plantations Australian Paper Plantations
Latitude (South) 41° 05’ 38° 16’ 38°13

Longitude (East) 145° 54' 146° 02 146° 16'

Elevation (m) 120 380 60 - 80

Rainfall (mm) 1130 1200 700

Age (years) 7 8 8
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Table 2. Number of families sampled within subrace and seedlot locality. The bold figures indicate the total number of

families from each subrace.

Subrace number and name Locality Number of families
2 West Otways Cannan Spur 6
Otway State Forest 6
Parker Spur 8
20
5 Srzelecki Bowden Road 4
Jeerlang 3
Jeerlang North 8
15
6 Madalya Road (Gippsland) Madalya Road 5
9 Furneaux Central Flinders Island 4
Central North Flinders Island 2
North Flinders Island 2
South Flinders Island 2
10
11 NE Tasmania Royal George 5
16  SE Tasmania North Maria Island 5
5
22 KingIsland Central King Island 5
South King Island 5
10

races were selected to represent a wide range of pilodyn
penetration - King Island for high penetration; Furn-
eaux, South Eastern Tasmania and North Eastern
Tasmania for intermediate penetration; and West
Otways and Strzelecki for low penetration. Seventy
families (Table 2) representing 15 collection areas
(seedlot localities as defined by JORDAN et al. (1994))
and representing seven subraces (according to a new
racial classification of DUTKOWSKI et al. (1997)) were
selected across these six races.

To reduce potential sources of bias in the study we
selected families on the basis that they occurred at each
site and little emphasis was placed on family growth.
Six trees were sampled per family, with sampling
commencing in the first replicate. The first 6 accept-
able trees (unforked, straight and greater than 15 cm
DBHOB) in each family were sampled.

Two methods for assessing basic density were used:
removing bark-to-bark increment cores using a motor-
driven corer and using a pilodyn. The location for
sampling and numbers of samples required had previ-
ously been determined in an extensive study of within-
tree variation across multiple sites by RAYMOND and
MUNERI (2000).

A pilodyn is a hand-held instrument which fires a
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flat-nosed steel striker pin into a tree with a fixed force
(CowN 1981). The depth of penetration of the pin can
be read directly from the scale on the instrument and
has been shown to be strongly negatively correlated
with wood density at the point of sampling (GREAVES
et al. 1996; RAYMOND & MACDONALD 1998). A
window is cut into the bark of the tree and the pilodyn
pin fired directly into the wood. The advantages of
using a pilodyn is that it is fast and non-destructive.
However, pilodyn penetration is not as good a predictor
of whole tree density as disc or core samples and the
repeatability of pilodyn readings around the stem may
be variable (RAYMOND & MACDONALD 1998).

Each tree was measured for DBHOB and two
pilodyn penetration readings were taken from the west
side of the tree at 1.3 m above ground following results
from studies by GREAVES et al. (1996) and RAYMOND
and MACDONALD (1998). A bark-to-bark core was
extracted at 1.1 m, following the sampling recommen-
dations of RAYMOND and MUNERI (2000). Basic
density was determined using the water displacement
method. To minimise seasonal effects, all trials were
sampled in late winter and early spring, prior to active
growth commencing. The trials were sampled consecu-
tively, with all sampling done within a five week
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period.
Estimation of genetic parameters

To determine whether the restriction on tree size had
resulted in a biased sample, the distribution of diame-
ters of the cored trees was compared to the diameters
of all available trees within the selected families at
each site using data from the last complete diameter
assessment of the trials (ages 4 or 5). Visual compar-
ison of the histograms of tree sizes indicated no sys-
tematic bias (results not presented here).

The two Victorian trials, Mt Worth and Flynn, were
sampled across 5 sublines with families being nested
within sublines. Subline effects for all traits were
calculated using data from the two control families and
fitting the following model, in matrix notation:

y.=Xc+Xs+e [1]

where y, is the vector of individual tree observations for
the control families, ¢ is a vector of fixed control family
effects, s is a vector of fixed subline effects and X, and
X, are incidence matrices for the fixed effects. Analy-
ses of variance indicated a significant difference (p <
0.05) between sublines for diameter at Flynn and
pilodyn penetration at Mt Worth, suggesting the need to
adjust the relevant data. As the sublines had been
established by grouping seedlots by geographic region,
the subrace effect was confounded with the subline and
replicate within subline effects. If the data had been
adjusted for differences between the control families
and subsequently analysed it would not have been
possible to separate the subrace and replicate within
subline effects in the analysis. To overcome this
problem the two control families were defined as a new
subrace (subrace 1) and in the subsequent analysis the
model was structured so that all other data were fitted
as deviations from subrace 1.

Data for each trial were analysed using the model:

y=Xr+Xb+Zf+e [2]

where y is the vector of individual tree data for basic
density, pilodyn penetration and diameter, r is a vector
of fixed subrace effects, b is a vector of fixed replicate
effects, f is a vector of random family effects nested
within subrace, e is the vector of residuals and X, X,,
and Z,, are incidence matrices relating the observations
to the effects in the model.

To test the significance of genotype by environment
interaction the following model was fitted:

y=Xr+Xb+Xs+Xc+Zf+Zjit+e [3]
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where s and c¢ are respectively vectors of fixed site and
subrace by site interaction effects, and i is a vector of
random family by site interaction effect. X, X, and Z,
are the incidence matrices for these effects, and other
symbols are the same as those in Equation 2.

For all models, the best linear unbiased estimates
(BLUES) of subrace effects and best linear unbiased
predictors (BLUPs) of family means were estimated
using REML in GENSTAT. All variance components,
genetic parameters and their standard errors were
estimated using ASREML (GILMOUR et al. 1998).

Individual narrow-sense heritabilities were calcu-
lated, assuming a coefficient of relatedness of 0.4
(VOLKER et al. 1990) as:

2
G.
Bt = — 4
r(cf +0,)

for the single site analysis and,

2
c
h? = 2 fz 2 [>]
r(cf+ci+ce)

for combined sites analysis, and where r is the coeffi-
cient of relatc;dness,cfz is the between family variance
component, cf family by site interaction variance and 6?
is the error variance.

Genetic correlations were estimated between all
traits within each site and between sites for each trait.

Vv
ry = 20T [6]
2
G;l Op

where cov (f}, ;) is the family covariance between traits
1 and 2, or sites 1 and 2. Phenotypic correlations
between traits were estimated on an individual tree
basis for each site.

Genotype by environment interaction

The practical importance of the genotype by environ-

ment interaction was evaluated by examining:

» ahether the interaction terms were significant in the
across-site analysis of variance,

» potential causes due to differing variances or chan-
ges in rankings. Subraces and families that contrib-
uted most to site interaction were identified on the
basis of rank changes (MATHESON & RAYMOND
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1984). The ranking of each subrace and family for
all traits were calculated for each site as well as
across the three sites. Mean rank deviation was
estimated as the sum of the absolute rank deviation
from the across site rank divided by the number of
sites,

 the ratio of the variance components for the interac-
tion term and families to determine whether it was

greater than 0.5 (SHELBOURNE 1972),

v genetic correlations between the sites (BURDON

1977).

To explore potential causes for the observed site by
family interaction the data were subdivided in several
ways:
¢ Geographic groups of subraces by State — Victoria

versus Tasmania with the Bass Strait Islands in-

cluded in the Tasmanian group

» The most interactive subrace based on average rank
deviations was deleted

o The most interactive families were sequentially
deleted.

RESULTS
Site differences

Sites differed significantly for all three traits, with Mt
Worth having the largest trees but the lowest basic
density (Table 3). In contrast, the other site in Victoria,
Flynn, had the smallest trees and a significantly higher
basic density than the other two sites.

Subrace effects

Subraces differed significantly for both basic density
and pilodyn penetration at each site but differences
between the subraces were not significant for diameter
at Mt Worth or Flynn. Ranking of subraces (Table 3)
for diameter varied considerably across sites but as
there were no significant differences between subraces
for two of the sites these differences are not considered
important.

Ranking of subraces for basic density and pilodyn
penetration (Table 3) were largely stable across the
sites. The Strzelecki subrace ranked highest for basic
density at each site and King Island ranked lowest.
However, the top ranked subrace for pilodyn penetra-
tion (based on the smallest degree of penetration) at
each site was NE Tasmania, which ranked 3rd, 4th or
5th for density. The Royal George locality of the NE
Tasmania subrace also had the lowest pilodyn penetra-
tion at Massy Greene in the study of JORDAN et al.
(1998). However, at the other four sites in Jordan’s
study, Royal George ranked intermediate for pilodyn
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penetration. When all data for basic density and pilodyn
penetration in the current study are plotted together
(Figure 1) there appears to be a strong and consistent
relationship between density and pilodyn penetration.
However, if data for each site are compared separately
(Table 3, Figure 2) a different pattern emerges. NE
Tasmania ranked highest for pilodyn penetration
(lowest penetration) at all sites but is intermediate for
density. Both measures of wood density identified
King Island as having the lowest density at each site but
results for the other subraces are not as clear. If the
results for King Island were not included at Mt Worth,
there would appear to be no relationship between the
subrace means for basic density and pilodyn penetra-
tion. Similarly, at Fiynn there appear to be two distinct
groups of subraces, with the five subraces having mean
densities above 530 kg'm™ showing no significant
difference in mean pilodyn penetration. These results
suggest that the subraces have different relationships
between density and pilodyn penetration.

Genetic parameter estimates

Heritabilities for both diameter and pilodyn penetration
(Table 4) were low at Mt Worth and Flynn and moder-
ate at Massy Greene. In contrast, heritability estimates
for basic density were high for all sites, ranging from
0.67 for Massy Greene to 1.00 for Flynn. Heritability
estimates for diameter at Mt Worth and Flynn were
lower than those previously published for the same
species of 0.17 to 0.35 (DEAN et al. 1990; VOLKER et
al. 1990; BORRALHO et al. 1995; MACDONALD
et al. 1997; JORDAN et al. 1998). For density, the
heritability estimates are at the higher end of those
reported previously (ranging from 0.44 to 0.80;
BORRALHO et al. 1992, 1993; COTTERILL & BROLIN
1997; DEAN et al. 1990) whilst the pilodyn results are
lower than other published results (range 0.16 to 0.57;
DEAN et al. 1990; JORDAN et al. 1998; MACDONALD et
al. 1997). However, the structure used for defining
provenances or races varied between studies and may
have influenced the heritability estimates obtained.

Genetic correlations (Table 5) between diameter and
basic density were small, ranging from zero at Massy
Greene to ~0.44 at Flynn, and within the range of
previously published estimates (range —0.46 to —0.08;
BORRALHO et al. 1992; DEAN et al. 1990). The respec-
tive phenotypic correlations (Table 5) were also small,
indicating no strong relationship between tree size and
basic density for this species.

Estimated genetic correlations between diameter and
pilodyn penetration present a mixed picture. Both the
genetic and phenotypic correlations were small and non
significant for Massy Greene and Mt Worth. AtFlynn,
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Table 3. Subrace BLUEs, standard deviations for individual tree data (SD) and rankings for diameter (cm), basic density
(kg/m®) and pilodyn penetration (mm). Site means and standard deviations are given together with ranges for both subrace
BLUEs and family BLUPs. Low pilodyn readings are ranked high for ease of comparison with density.

Massy Greene Mt Worth Flynn
Trait Subrace
Mean (SD) Rank Mean (SD) Rank Mean (SD) Rank
Diameter West Otways 23.0 (3.9 2 258 (4.6) 1 19.7 (2.6) 1
Strzelecki 221 (3.2 4 220 4.2) 7 17.0 (2.4) 6
Madalaya Road 23.7 (3.9 1 242 (5.2) 6 16.7 2.3) 7
Furneaux 212 (3.0 5 244 (4.2) 5 18.7 (2.3) 3
NE Tasmania 18.7 (27 7 245 (3.1 4 17.5 (1.9) 5
SE Tasmania 201 (3.7 6 247 (3.6) 3 18.7 (2.1) 4
King Island 226 4.1 3 251 (5.1) 2 19.6 (2.6) 2
Site mean (SD) 21.8(3.7) 24.0 (4.6) 18.5(2.4)
Range for subrace BLUEs 18.7-23.7 22.0-25.8 16.7-19.7
Range for subrace BLUPs 19.8-23.6 22.7-25.4 17.5-19.1
Density ~ West Otways 469  (33) 6 465 (31) 3 554 (31 3
Strzelecki 504 (37 1 474 (30) 1 571 (37 1
Madalaya Road 487 (34) 2 463 (33) 4 559  (34) 2
Furneaux 481  (36) 4 468 (33) 2 533 (32) 5
NE Tasmania 485 (4D 3 455  (32) 5 538 (28) 4
SE Tasmania 471 (44) 5 442 (27) 6 304 (32) 6
King Island 428 (35) 7 423 (34) 7 489 (33) 7
Site mean (SD) 473 (42) 460 (35) 543 (41)
Range for subrace BLUEs 428-504 423-474 489-571
Range for subrace BLUPs 436-500 420491 473-581
Pilodyn =~ West Otways 12.1 (2.1 5 135 (1.9 5 100 (1.2) 3
Strzelecki 109 (1.3) 2 12.8 (L.5) 2 9.8 (1.3) 2
Madalaya Road 109 (1.4) 2 132 (1.5 3 10.2  (1.0) 4
Furneaux 1.6 (1.7) 4 137 (1.4) 6 10.8  (0.9) 5
NE Tasmania 104 (1.5) 1 124 (1.4) 1 9.8 (1.0) 1
SE Tasmania 12.1  (1.6) 5 133 (1.1) 4 11.5 (1.0 6
King Island 13.5 (2.0 7 153 (2.0) 7 121 (1.4) 7
Site mean (SD) 11.8 (1.9) 13.2(1.7) 10.3 (1.4)
Range for subrace BLUEs 10.4-13.5 12.4-15.3 9.8-12.1
Range for subrace BLUPs 10.1-12.4 12.9-13.8 10.2-10.8

the genetic correlation between diameter and pilodyn
penetration was strong and positive indicating that
larger genotypes had deeper penetration of the pilodyn
pin. However, all three genetic correlations fell within
the wide range previously reported, ranging from-0.07
(JORDAN et al. 1998) to 1.24 (DEAN et al. 1990).

Genetic correlations between basic density and
pilodyn penetration properties were strongly negative
for all sites, ranging from —0.60 for Massy Greene to
—1.16 for Flynn and consistent with the strong negative
genetic correlation reported by DEAn et al. (1990). The
respective phenotypic correlations were smaller,
ranging from -0.35 to -0.45.
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Genotype x Environment interaction

The across-site analyses of variance (Table 6) indicated
that the subrace by site interaction term was not signifi-
cant for any trait. However, the family by site interac-
tion term was significant for diameter and basic density
but not for pilodyn penetration. The difference in the
results for the analyses of density and pilodyn penetra-
tion is disturbing in that the family by site interaction is
significant for density but not for pilodyn.

As GEI may be caused by scale differences between
sites it was essential to check that the standard devia-
tions and residual variance for each site are relatively
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Figure 1. Plot of subrace means for pilodyn penetration versus basic density across all three sites. (MG=Massy Greene, MW=Mt

Worth and FL=Flynn).

homogeneous. Standard deviations (Table 3) and
residual variance components (Table 4) were very
similar across sites for basic density and pilodyn. The
range in residual variance for diameter was greater but
still well within the ten-fold range considered accept-
able by PATTERSON and SILVEY (1980).

Another cause of GEI is changes in ranking of
genotypes across sites. Table 3 indicates that ranking
of the subraces changed considerably for diameter but
that rankings were relatively constant across sites for
both basic density and pilodyn penetration. Families
also changed rankings across sites for each trait.

Variance components obtained from the combined
analysis (Table 7) indicated that the family by site

interaction term accounted for more than twice the
family variance for diameter, but was only one third of
the size of the family component of variance for basic
density. Heritability estimate for diameter and basic
density (0.06 and 0.63 respectively) were lower than the
individual site estimates (Table 4) due to the presence
of genotype by site interaction. Genetic correlations
between sites (Table 8) were moderate to strong for
basic density and pilodyn penetration but generally
moderate to low for diameter. The two Victorian sites
showed the strongest genetic correlation for diameter
but weakest correlation for basic density.

Subdividing the data into groups on a geographic
basis yielded different results for diameter and density.

Table 4. Variance components and heritabilities (standard error) for diameter (cm), basic density (kg'm™) and pilodyn

penetration (mm) at each site

Trait Genetic parameters Massy Greene Mt. Worth Flynn
Diameter Family variance 1.55 1.09 0.346
Residual variance 10.39 17.40 5.069
Heritability + s.e. 0.33(0.11) 0.15(0.12) 0.16 (0.10)
Basic density Family variance 338.98 343.67 428.27
Residual variance 930.32 643.31 641.05
Heritability + s.e. 0.67 (0.13) 0.87 (0.16) 1.00 (0.15)
Pilodyn Family variance 0.304 0.145 0.068
Residual variance 2.461 2.481 1.250
Heritability + s.e. 0.27 (0.10) 0.14 (0.11) 0.13 (0.11)
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Table 5. Genetic correlations (standard error) and phenotypic correlations (below diagonal) between diameter, basic

density and pilodyn penetration at each site

Site Trait Diameter Basic density Pilodyn
Massy Greene Diameter 0.00 (0.21) 0.18 (0.27)
Basic density 0.09 -0.60 (0.17)
Pilodyn -0.02 -0.35
Mt. Worth Diameter -0.22 (0.34) 0.04 (0.58)
Basic density 0.03 -1.06 (0.20)
Pilodyn 0.11 -0.45
Flynn Diameter -0.44 (0.25) 0.85(0.33)
Basic density -0.07 -1.16
Pilodyn 0.16 -0.42
Table 6. Across-site analysis of variance.
Mean squares
Source of variation Degrees of freedom
Diameter Basic density Pilodyn
All sites
Site 2 3476.73%* 899584 ** 995.6%*
Replicate within sites 174 19.00%* 2707** 3.3*
Subrace 7 105.40%** 50749%* 73.5%%*
Subrace by site 13 24.90 1681 2.4
Family 64 19.70%* 5609%* 4.9*
Family by site 126 15.30** 1282%* 2.2
Residual 933 11.00 738 2.1

*p <0.05, ** p <001

Table 7. Variance components and heritabilities (standard error) for diameter, basic density and pilodyn for combined

data from Massy Greene, Mt. Worth and Flynn.

Genetic parameters Diameter Basic density Pilodyn
Family variance 0.31 280.4 0.17
Family by site variance 0.70 99.6 0.21
Residual variance 11.04 740.9 2.13
Heritability (£s.e) 0.06 (0.05) 0.63 (0.11) 0.19 (0.06)

When the Tasmanian subraces were analysed alone, the

site by family interaction for diameter became non-
significant whilst for the Victorian subraces it remained
significant. For density, the geographic grouping did
not have any effect, with the site by family interaction
remaining significant for both groups.

Removal of the most interactive subrace, based on
average rank deviations for families within the subrace,
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also had a large effect on the results of the analysis of
variance for diameter but no effect for density. For
diameter, the interaction appeared to be due to the West
Otways subrace. Further investigation of this subrace
indicated that the interaction was being caused by the
three families with the greatest average rank deviations.
If these families were omitted from the analysis, the site
by family effect became non-significant.

The site by family interaction appeared to be more
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Figure 2. Plot of subrace means (with standard error bars) for pilodyn penetration versus basic density for each site.
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Table 8. Genetic correlations (standard error) between sites for diameter, basic density and pilodyn.

Trait Site Mt Worth Flynn
Diameter Massy Greene 0.12 (0.39) 0.29 (0.37)
Mt Worth 0.76 (0.44)
Basic density Massy Greene 0.83(0.11) 0.91 (0.08)
Mt Worth 0.46 (0.14)
Pilodyn Massy Greene 1.37 (0.51) 0.46 (0.42)
Mt Worth 1.32 (0.76)

complex for the density data as it could not be ex-
plained in terms of geographic groups or by removing
the subrace with the most interactive families. The
family mean data was ranked based on average rank
deviation. Examination of this data revealed that
families from across most of the subraces appeared in
the top group for rank deviations. To determine how
many families were contributing to the presence of the
family by site interaction, families with the greatest
rank deviations were sequentially deleted and the model
rerun on remaining data. Thirteen families (18 % of
families) were deleted before the interaction became
non-significant. These families were distributed across
most of the subraces with 3 from the West Otways, 3
from Strzelecki, 2 from Madalya Road, 1 from Furn-
eauyx, 2 from NE Tasmania and 2 from SE Tasmania.
The only subrace not represented was King Island.

DISCUSSION

Large differences were found between diameter and
basic density for the genetic architecture of the traits,
the genetic parameter estimates and for the degree of
genotype by environment interaction. When the genetic
architecture of the traits is examined, the small differ-
ences found among the subraces for diameter confirms
published results from previous studies in this species
based solely on growth data (VOLKER & ORME 1988;
DAOQUIN et al. 1995; KUBE et al. 1995; MACDONALD
et al. 1997). However, very large differences were
found between the subraces for basic density. The
within-race heritabilities for diameter were relatively
low (range 0.15 to 0.33) and similar to that found in
other studies. For basic density the within-race
heritability estimates were very high (ranging from0.67
to 1.00) indicating that wood density is under much
stronger genetic control than diameter. The implication
of this for assessing patterns of within-species variation
are serious in that conclusions drawn for growth data
which is under low to moderate genetic control may be
totally inappropriate for other traits under much stron-
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ger genetic control.

Patterns of genotype by environment interaction for
basic density also differed from those observed for tree
diameter. Whilst the family by site interaction was
significant for both diameter and basic density, the
causes of this interaction differed. For diameter, the
interaction was caused by only a few families whilst for
basic density the interaction was more complex. In
terms of practical importance, the genotype by environ-
ment interaction for both diameter and basic density
would appear to be minor. There was no interaction
between the subraces and sites for either trait. For
diameter the significant site by family interaction term
was due to very few families from a single subrace
(West Otways). For density, the site by subrace term
was not significant in any across site analyses. Al-
though the site by family interaction term was signifi-
cantin the analysis of variance, it contributed very little
to the overall variation. Genetic correlations between
sites were strong, indicating that families which per-
formed well at one site also did well at other sites.
Interactive families were found in all subraces except
King Island and removal of 18% of the most interactive
families yielded a non-significant site by family interac-
tion.

One question that needs resolving is how important
is the reduction in heritability due to site by family
interaction in a trait of high heritability? The across-
site heritability for basic density was lower than that for
each individual site but at 4* = 0.63 was still at the high
end of the range of heritability values. Potential gains
from selection for this trait are thus large, even after
accounting for the losses due to the interaction.

Basic density and tree diameter were not strongly
correlated at any site, indicating that the two traits are
largely independent. The breeding objective currently
being used for temperate eucalypts in southern Austra-
lia includes both these traits and results from this study
indicate that both traits should be included in the
selection program as they display very different patterns
of variation.
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However, the question of the best method for
assessing basic density needs to be addressed. When
the two methods used in this study (pilodyn penetration
or density of increment core samples) were compared,
the results were somewhat different. MACDONALD er
al. (1997) suggested that pilodyn penetration and
density should be considered to be the same trait due to
the very high genetic correlations reported between the
traits. Results of the current study confirmed the high
genetic correlation at the family level but found prob-
lems with using a pilodyn across different populations.
The relationship between density and pilodyn penetra-
tion appeared to differ across the subraces. The
subrace that ranked highest for pilodyn penetration was
found to be intermediate for density. For this to occur,
the subraces must differ in the degree of resistance
offered to the pin, possibly due to differences in wood
anatomy, ring width or within-ring density variation
(RAYMOND & MACDONALD 1998). The heritability of
pilodyn penetration (range 0.13 to 0.27) was much
smaller than that found for density (range 0.67 to 1.00),
indicating that selection on pilodyn penetration would
be less accurate than selection on density of cores.
Given the differences in the heritabilities and the
different relationships between pilodyn penetration and
density across the subraces, the usefulness of pilodyn in
general screening for wood density becomes question-
able.
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