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Abstract Genetic parameters for stem diameter and wood
density were compared at selection (4–5 years) and harvest
(16–17 years) age in an open-pollinated progeny trial of
Eucalyptus globulus in Tasmania (Australia). The study
examined 514 families collected from 17 subraces of E.
globulus. Wood density was assessed on a subsample of
trees indirectly using pilodyn penetration at both ages and
directly by core basic density at harvest age. Significant
additive genetic variance and narrow-sense heritabilities
(h2op) were detected for all traits. Univariate and multivariate
estimates of heritabilities were similar for each trait except
harvest-age diameter. Comparable univariate estimates of
selection- and harvest-age heritabilities for diameter
masked changes in genetic architecture that occurred with
stand development, whereby the loss of additive genetic
variance through size-dependent mortality was countered
by the accentuation of additive genetic differences among
survivors with age. Regardless, the additive genetic (ra) and
subrace (rs) correlations across ages were generally high for
diameter (0.95 and 0.61, respectively) and pilodyn pene-

tration (0.77 and 0.96), as were the correlations of harvest-
age core basic density with selection- and harvest-age
pilodyn (ra −0.83, −0.88; rs −0.96, −0.83). While rs
between diameter and pilodyn were close to zero at both
ages, there was a significant change in ra from adverse at
selection age (0.25) to close to zero (−0.07) at harvest age.
We argue that this change in the genetic correlation reflects
a decoupling of the genetic association of growth and wood
density with age. This result highlights the need to validate
the use of selection-age genetic parameters for predicting
harvest-age breeding values.
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Introduction

Reliable genetic parameters are important for estimating
breeding values and gains from selection in forest tree
breeding programs. Nearly all traits that are used to select
trees (selection traits) are indirect estimates of the actual
traits for which breeders seek to obtain breeding values. For
example, diameter is a surrogate for whole-tree volume,
core density for whole-tree density, and core predicted pulp
yield for whole-tree pulp yield (Greaves et al. 1997a). In
addition, the relatively long rotation time of many forest
plantation crops means that selection for harvest-age traits
is usually done much earlier than harvest age, in order to
reduce the generational interval for breeding and speed the
capture of genetic gains (Cotterill and Dean 1990; White et
al. 2007). Effective selection of harvest-age traits in this
manner requires significant heritability of the selection and
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harvest-age traits and a genetic correlation between them
(Falconer and Mackay 1996; White et al. 2007). A further
complication is introduced by the general requirement of
breeding to improve two or more traits simultaneously. This
introduces the requirement to know the strength, sign, and
stability of the genetic correlation between traits at both
selection and harvest age. In practice, only early-age
genetic parameters are usually known and genetic param-
eters for harvest age are assumed to be the same by
necessity (White et al. 2007).

Obtaining accurate, unbiased estimates of harvest-age
parameters in forest tree populations is difficult as they may
be affected by the increased competitive environment in
older field trials (Franklin 1979; Bouvet et al. 2005), and
the fact that mortality through artificial culling or natural
attrition means that at harvest age, the population is a subset
of that at earlier age. Mortality may cause a loss of additive
genetic variance when it is selective, for example, size
dependent (Chambers and Borralho 1997). Thus, latter age
parameters may underestimate the additive genetic variance
which resided in the original parental population. Multi-
variate analysis using both early- and late-age measure-
ments to account for selective mortality offers the potential
to better estimate genetic parameters for harvest-age traits
and to better understand the manner in which these change
with age (Wei and Borralho 1998; Dieters et al. 1999).

Eucalyptus globulus Labill. is the major eucalypt grown
in industrial pulpwood plantations in temperate regions of
the world (Potts et al. 2004). Breeding objectives for kraft
pulp production in this species have been defined based on
the key harvest-age traits of stem volume per hectare, wood
basic density, and pulp yield (Borralho et al. 1993; Greaves
et al. 1997a). The rotation length of E. globulus pulpwood
plantations range from 8 to 20 years, depending on growth
rates (Borralho et al. 1992a). Trees are frequently repro-
ductively mature by 4 years of age (Chambers et al. 1997;
Tibbits et al. 1997), and early selection for breeding and
deployment usually occurs between 4 and 6 years of age
(Borralho et al. 1992a; McRae et al. 2003). The selection-
age traits assessed as predictors of harvest breeding
objective traits are stem diameter at breast height (DBH;
Borralho et al. 1992a; Lopez et al. 2002); wood specific
gravity (density), assessed from a breast height wood core
(Muneri and Raymond 2000) or using pilodyn penetration
(MacDonald et al. 1997; Sanhueza et al. 2002); and pulp
yield, estimated from powdered basal core wood using near-
infrared chemometrics (Raymond et al. 2001; Apiolaza et al.
2005; Downes et al. 2007). Heritability estimates for growth
of E. globulus, particularly early age estimates from open-
pollinated trials, are commonly reported (Potts et al. 2004).
However, there are fewer heritability estimates for wood
quality traits and fewer still genetic correlations that include
wood properties other than basic density (Raymond 2002).

The published genetic correlations mainly involve selection
(early)-age traits, leaving a paucity of reported correlations
either between selection- and harvest-age traits, or between
different traits at harvest age (Borralho et al. 1992a; Lopez et
al. 2002; Greaves et al. 2003).

We used a harvest-age E. globulus base population trial
to determine (a) the correlations between selection- and
harvest-age diameter and wood density, (b) whether there is
a genetic basis to mortality which occurred over this time
interval, (c) whether this mortality is genetically correlated
with any selection traits and has thus biased harvest-age
genetic parameter estimates, and (d) whether the genetic
parameters estimated from the selection-age population are
the same as those in the surviving harvest-age population.

Materials and methods

Trial and measurements

The study is based on a field trial established with open-
pollinated seedlots collected from individual trees from
throughout the geographic range of E. globulus (Potts et al.
2004). These seedlots have been classified into a geograph-
ic hierarchy of 13 races and 20 subraces (Dutkowski and
Potts 1999) with several additional races or subraces
subsequently recognized (http://members.forestry.crc.org.
au/globulus/). Trials established from these seed collections
have been the subject of numerous studies (e.g., Potts et al.
2004; Costa e Silva et al. 2005). The present study focuses
on one of the largest trials established from this collection.
The trial is located near Latrobe in northern Tasmania,
Australia (41°13′ S, 146°23′ E) and was planted in 1989. It
includes 561 open-pollinated families, established in a
randomized incomplete block design comprising five
replicates of 24 incomplete blocks each. Each incomplete
block contained 30 plots each containing two trees from a
family. Each family was thus represented by ten trees at
establishment. The trial includes races and subraces from
the Gippsland and Otway districts of Victoria, the Bass
Strait Islands, and Tasmania (Dutkowski and Potts 1999).
However, the atypical races, West Tasmania, Dromedary,
and Recherche Bay (all from Tasmania) as well as Wilson’s
Promontory Lighthouse (Victoria) were excluded from the
present study (Table 1).

Diameter at breast height (1.3 m above ground level)
was measured on all trees alive at ages 4 (DBH4),
8 (DBH8), and 16 (DBH16)years. Diameter increment
during the periods 4–8 years (ΔDBH4-8) and 8–16 years
(ΔDBH8-16) was calculated. Survival of each tree was
recorded as 0 (dead) and 1 (alive) at each age. A subset of
trees was sampled for assessments of wood density and a
subsample of these taken for assessment of harvest-age
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pilodyn. Pilodyn penetration was measured with a pilodyn
model 6J with a 2.5-mm-diameter flat-faced striker pin. The
tool operates by driving the pin into the specimen using a
fixed force. Pilodyn penetration was measured in the spring
of 1995 at the age of 6 years (PIL6) on one tree randomly
chosen per two-tree plot in replicates 1 and 4, as well as the
trees with the largest diameter (top 10%) throughout the
trial (MacDonald et al. 1997). Pilodyn penetration was also
measured in the summer (January) of 2006 at age 17 years
(PIL17) from the same trees that were cored for basic
density at age 16 years, mainly in replicates 1 (440 trees)
and 2 (378 trees) and 42 trees from replicate 3 of any
family not represented by two individuals from replicates 1
and 2. Bark was removed from a 5-cm-wide×10-cm-high
window on the west aspect where possible and pilodyn
penetration measured at two positions in the same window,
one above the other directly against the cambium and
averaged.

Two months after the age 16-year-diameter measure-
ment, basal wood cores were collected from one tree per
plot in at least four of the five replicates. Trees were
effectively chosen at random, with the first tree in each two-
tree plot sampled, except where the diameter of that tree
was less than 10 cm, or the tree was absent or dead, which

triggered the selection of the second tree if suitable by the
same criteria. Cambium-to-cambium, 12-mm-diameter
cores that aimed to pass through the pith of each tree were
taken at 1.1 m above ground level using a motorized
increment corer (Raymond and Muneri 2001). Cores were
immediately wrapped in plastic, kept cool in the field, and
subsequently frozen until laboratory processing. Each core
was randomly allocated to one of 73 30-core batches and
batches processed in numerical order. Each core was
sectioned lengthwise in the horizontal plane with one half
randomly selected and set aside for chemical analysis.
Basic density (DEN16) of the remaining half of each core
was determined gravimetrically, whereby the oven-dried
weight (105°C, 24 h) of the half-core was divided by its
fresh volume as determined by the weight of water it
displaces (TAPPI 1989).

In order to validate the use of cores for assessing basic
density, the correlation with whole-tree basic density was
measured at age 17 years. Twenty trees were randomly
selected for sampling, five trees of which were selected
from each of the Otways, Strzelecki, Furneaux, and
Tasmanian regions. In each region, one tree was picked at
random from each 20 percentile for diameter. Trees were
felled, and disks of equal thickness were recovered from the

Table 1 Races, subraces, and the number of families from within each subrace that were sampled for diameter, pilodyn, and core basic density
from the E. globulus base population trial at Latrobe, Tasmania

Race Subrace Number of families measured

Diameter
4 years

Diameter
16 years

Pilodyn
6 years

Pilodyn
17 years

Density
16 years

Western Otways Western Otways 113 112 113 103 107

Far-western Otways (1) 5 5 5 3 3

Eastern Otways Cape Patton 18 18 18 14 17

Eastern Otways 24 24 24 22 23

Strzelecki Ranges Strzelecki Ranges 59 59 59 54 57

Strzelecki Foothills (2) 8 8 8 6 6

Southern Gippsland Coastal Plain (3) 10 10 9 6 6

Foothills (4) 3 3 3 3 3

Furneaux Group Flinders Island 54 54 54 44 48

Southern Furneaux 50 50 50 42 45

Northeastern Tasmania St. Helens 10 10 10 8 9

Northeastern Tasmania 19 19 19 14 16

Inland northeastern Tasmania 19 19 19 18 18

Southeastern Tasmania Southeastern Tasmania 58 58 58 49 53

Southern Tasmania Southern Tasmania 27 27 27 21 25

Tasman Peninsula 5 5 5 3 3

King Island King Island 32 32 32 26 29

Total 514 513 513 436 468

The race and subrace classification is based on Dutkowski and Potts (1999) with subsequent revisions: (1) the Western Otways subrace was
divided to include Far Western Otways; (2) the Strzelecki Foothills subrace supplants the previous Madalya Road subrace; the former Southern
Gippsland race is divided into (3) Coastal Plains and (4) Foothills, the latter of which includes Toora North and Alberton West localities
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10%, 30%, 50%, 70%, and 90% of total tree height. For
each tree, discs were debarked, chipped, and bulked, and
two samples were taken for determination of basic density
on the chips (APPITA 2002). Regression of whole-tree
density to that measured from cores was reasonably high
with an R2 of 0.61, which validated the core density as
being a good indicator of whole-tree density (Fig. 1).

Statistical model and estimation of variance components
and heritabilities

The following mixed model was fitted to the data:

Y ¼ MEANþ REPþ SUBRACEþ IBLOCK REPð Þ
þ FAMILY SUBRACEð Þ þ PLOTþ RESIDUAL

ð1Þ
where Y is the vector of observations, MEAN is the mean,
REP is the effect of replicate fitted as a fixed effect,
SUBRACE is the subrace effect fitted as a fixed effect
(subrace as defined by Dutkowski and Potts (1999) with
subsequent modifications), IBLOCK(REP) is the random
variance between incomplete blocks within replicates,
FAMILY(SUBRACE) is the random variance between
open-pollinated families nested within subrace, PLOT is
the random variation between the two tree plots and is fitted
only for diameter traits, and RESIDUAL is the vector of
residuals. The fixed subrace differences were tested with
the type III sums of squares using the FAMILY(SUB-
RACE) term as the error using PROC MIXED in SAS 9.1
(SAS Institute Inc. 2002).

Variance components for random effects were estimated
with both univariate and multivariate versions of model 1
using ASReml (Gilmour et al. 2001). Univariate estimates
of variance components for DBH were based on (a) all
plants alive at each age or (b) a restricted data set of only
those individuals alive at age 16 years. The multivariate
estimates of variance components for DBH were based on a
three-trait analysis involving DBH4, DBH8, and DBH16

(data presented), whereas multivariate estimates for the
wood property traits were based on a five-trait analysis:
DBH4, DBH16, PIL6, PIL17, and DEN16. Variance compo-
nents estimated in the univariate analyses were used as
starting values for multivariate analyses. In these analyses,
dead or unmeasured trees (in the case of pilodyn and DEN)
were treated as missing values. The variance components
for DBH16 were thus estimated from only the surviving
population (univariate) as well as by using the information
from related individuals and genetic correlations to the age
4- and 8-year-diameter measurements in the full multivar-
iate model to account for the effect of mortality over the 4-
to 16-year interval. Testing of the significance of the
variance components from zero was undertaken using
one-tailed likelihood ratio test (LRT; Self and Liang
1987), comparing the difference in log likelihood of the
full model vs one constrained by removing the term from
the analysis (univariate case) or constraining the variance
component to zero (multivariate case). Variance compo-
nents for survival at age 16 years were calculated using a
binary model with probit link function following Chambers
and Borralho (1997) and testing the significance of the
variance components with the Z test (Zar 1974).

The narrow-sense heritability (h2op) was calculated
following MacDonald et al. (1997) using variance compo-
nents estimated from the univariate (full and restricted data
sets) and multivariate models as:

h2op ¼
s2
family subraceð Þ

r s2
family subraceð Þ þ s2

plot þ s2
e

� � ð2Þ

where s2
family subraceð Þ is the between open-pollinated families

within subrace variance component, s2
plot is the between

plot within family variance component, and s2
e is the error

variance component. Following Griffin and Cotterill
(1988), the coefficient of relatedness (r) assumed for these
open-pollinated progenies was 0.4. This value of r accounts
for the mixed mating system of E. globulus and assumes
that 30% of the seed in each open-pollinated family is the
result of self fertilization. The s2

plot was only included for
DBH traits, as only a single tree per plot was assessed for
the other traits. The additive genetic variance (s2

a) was
estimated as s2

family subraceð Þ divided by r. Differences in
heritabilities were tested with Z tests, using the pooled
standard error as the denominator.

y = 0.645x + 244.5         R2 = 0.61
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Fig. 1 Relationship of core basic density with whole-tree basic
density in E. globulus. Twenty unrelated trees were sampled from the
trial for core basic density at age 16 years and for whole-tree basic
density at age 17 years
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To compare the levels of additive genetic variance in
each trait independent of their means, the additive genetic
coefficient of variation (CVa) was calculated following
Cornelius (1994) as:

CVa ¼ 100 sa

x

� �
ð3Þ

where x is the trait phenotypic mean in the trial and σa was
defined previously.

Estimation of genetic correlations

The genetic correlations among traits were calculated at
both the family within subrace, hereafter referred to as the
additive genetic correlation (ra) and subrace levels (rs) as:

r1;2 ¼ s1;2ffiffiffiffiffiffiffiffiffiffi
s2
1s

2
2

p ð4Þ

where r1,2 is the correlation between traits 1 and 2 at a
defined genetic level (either the additive genetic or subrace
level), σ1,2 is the covariance between the traits, and s2

1 and
s2
2 are the variance components for each trait (Jordan et al.

1999). The additive genetic correlations (ra) were estimated
directly in ASReml using the CORR directive to structure
the G matrix in five-trait multivariate analyses fitting model
1. The subrace correlations used variance components
estimated from a model similar to (1) but treating subrace
as a random effect. However, in this form, the five-trait
multivariate model did not converge, and it was necessary
to use bivariate analyses to estimate pair-wise rs values. The
multivariate analyses were undertaken for DBH measure-
ments as well as using incremental DBH data (ΔDBH4–8

and ΔDBH8–16) to better match the growth response period
to the pilodyn assessment age (Zamudio 1995). Following
Chambers et al. (1996), bivariate analyses were also
undertaken to estimate ra of DBH4 and PIL6 with the binary
survival data at age 16 years (SURV16). Phenotypic
correlations were estimated using PROC CORR in SAS.

The significance of additive genetic and subrace correla-
tions was tested using the LRT. The probability of differ-
ences from test correlations were obtained by fitting the
statistic to the chi-square distribution with one degree of
freedom where the test is two-tailed against zero and 0.5
degrees of freedom when the test is one-tailed against |1|
(Stram and Lee 1994; Costa e Silva et al. 2006). One-tailed
tests are appropriate when high correlations are anticipated
(e.g., age–age correlations for similar traits DBH4 vs DBH16;
PIL6 vs PIL17; PIL6 vs DEN16), whereas tests from zero
were appropriate for intertrait correlations (e.g., DBH4 vs
PIL6) where there was no a priori reason to assume they
should be correlated. The stability of trait–trait genetic
correlations over time (e.g., PIL6 and DBH4 vs PIL17 and
DBH16) was tested using the two-tailed LRT, where the

difference in log likelihood between (a) the optimal five-trait
multivariate model and (b) a model restricted by the directive
to seek a solution whereby the above correlations would be
equal. These multivariate analyses and tests were undertaken
using the full and restricted data sets (as with the
heritabilities) and also replacing DBH measures with the
DBH incremental data. The standard errors of these
correlations and h2op were also estimated using a truncated
Taylor series (Gilmour et al. 2001).

Results

Over the period studied, the annual diameter increment of
stems declined from amean of 17mm/year for the first 4 years
to 12 mm/year between 5 and 8 years to only 8 mm/year over
the 8–16-year period. The mean pilodyn penetration de-
creased from 11.8 mm at 5.5 years to 9.9 mm at 17 years
(Table 2). The considerably reduced diameter increment over
the latter period indicates that unlike the age 4 pilodyn
reading, more than one annual growth ring was penetrated in
the later pilodyn measurement. Significant subrace and
family within subrace effects were detected for all traits at
all ages (P<0.003; Table 3), indicating significant genetic
variation at both levels. At the subrace level, survival at age
16 was not significantly correlated with early diameter (rs=
0.25; Table 4). However, at the family level, these two
variables were significantly and positively correlated (ra=
0.92; Table 4), indicating that within subraces, trees with
larger diameter at early age had a higher probability of
surviving to age 16 years.

The univariate heritability estimates of diameter were not
significantly different across the three measurement ages
(Fig. 2a), giving the impression that the heritability of
diameter is stable with increasing age. However, this
apparent stability masked a dynamic genetic architecture
in these open-pollinated progenies, where size-dependent
mortality resulted in a loss of additive genetic variation by
harvest age. This reduction was evident from the change in
heritabilities in the different cohorts and analyses shown in
Fig. 2 and Table 3. Univariate heritability estimated for
DBH4 with all trees was 0.18, and this declined signifi-
cantly (Z=2.22, P=0.028) to 0.07 when estimated using
only the cohort of trees that survived to age 16 years. The
coefficient of additive genetic variation (CVa) for diameter
traits also decreased with increasing age (7.6% to 4.3%;
Table 3). This reduction in additive genetic variation for
growth that was evident in successive univariate analyses
was countered by the increasing expression of genetic
variation of DBH with age. The evidence for this was the
increase in heritability of diameter between DBH4 and
DBH16 (0.07 to 0.15) when the analysis included only the
cohort of trees that survived to age 16 years (Fig. 2b). This
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trend occurred regardless of whether the analyses were
univariate (Z=2.55, P=0.011; Fig. 2) or multivariate
including DBH4 and DBH16 (Z=2.19, P<0.02; data not
shown). Indeed, the same heritability estimate was obtained
for the age 16 data regardless of whether the univariate or
multivariate analysis was used. An increase was similarly
observed for CVa when analyses were restricted to sur-
vivors at age 16 (univariate—DBH4=4.3% and DBH16=
7.1%). Using the multivariate analysis to account for the
size-dependent mortality that occurred between ages 4 and
16 years allowed a true estimate of the level of genetic
variation that occurred in the original parental population
for DBH16 as it projects the genetic variation lost through

mortality to later ages based on genetic correlations and
performance of surviving relatives. In this case, the
multivariate heritability for DBH16 was 0.29 compared to
0.16 for DBH4, a significant increase (Z=2.66 P=0.005).
The univariate heritability estimate of 0.15 for DBH16

underestimated the proportion of additive genetic variation
in DBH16 in the overall parental population, but indicated
the amount of variation that remained at age 16 years.

A detailed analysis of temporal dynamics for wood
density was not possible as only a subset of the trees was
sampled for pilodyn or cored in each sampling period.
However, aging and mortality appeared to have had little
impact on heritability or CVa estimated for the wood

Table 3 Analysis of variance and genetic parameters for diameter, pilodyn, harvest-age core basic density, and survival in a E. globulus base
population trial

DBH4 DBH8 DBH16 PIL6 PIL17 DEN16 SURV16

Replicate F value 11.19** 9.05** 13.83** 63.16** 4.86* 20.89** 15.7**

Subrace F value 2.95** 3.53** 2.42* 16.33** 9.51** 16.38** 2.33*

Family (subrace) Z value 7.05** 7.16** 5.42** 4.11** 4.07** 7.74** 7.74**

Univariate

h2op (s.e.) 0.18 (0.03) 0.22 (0.03) 0.15 (0.03) 0.35 (0.08) 0.55 (0.12) 0.52 (0.06) 0.35 (0.04)

Va (s.e.) 0.24 (0.04) 0.94 (0.14) 1.53 (0.33) 0.24 (0.06) 0.28 (0.07) 221.4 (28.3) 0.16 (0.02)

CVa 7.5 8.6 7.1 4.1 5.3 2.8 0.5

Multivariate full data

h2op (s.e.) 0.16 (0.03) 0.24 (0.03) 0.29 (0.03) 0.44 (0.07) 0.49 (0.10) 0.52 (0.06)

Va (s.e.) 0.223 (0.04) 1.16 (0.16) 4.75 (0.57) 0.30 (0.05) 0.25 (0.05) 226.4 (28.0)

CVa 7.2 9.5 12.6 4.7 5.0 2.8

Replicate and subrace were analyzed as fixed effects. Incomplete block and family within subrace were fitted as random effects. Trait codes are
detailed in Table 2. Heritability and standard error (h2op, s.e.), additive variance component (Va) and coefficient of additive variation (CVa) are
presented for each trait when calculated with univariate, multivariate on full data

*P<0.01; **P<0.001

Table 2 Description of growth and density traits measured from individual trees of the E. globulus base population trial at Latrobe Tasmania

Trait Description Age
(years)

Code Unit Sampling strategy Number
(survival %)

Mean Standard
deviation

Min Max

Diameter Diameter at breast
height (1.3 m)
over bark

4 DBH4 cm All trees alive 4,771 (93) 6.6 2.02 0.5 13.3

8 DBH8 cm All trees alive 4,574 (89) 11.3 3.47 0.8 22.7

16 DBH16 cm All trees alive 3,884 (76) 17.3 5.36 3.0 36.0

Pilodyn Average of two
Pilodyn readings
from one bark
window

6 PIL6 mm One tree in each plot
randomly chosen from
replicates 1 and 4, plus
top 10% dbh

1,380 11.8 1.57 7.0 18.0

17 PIL17 mm First tree in each plot from
replicates 1 and 2, plus
42 from replicate 3

860 9.9 1.25 6.8 15.0

Basic density Gravimetric basic
density of bark
to bark core

16 DEN16 kg m−3 First tree with option
on second in each plot
from any 4 of 5 replicates

2,146 539 37.6 425 668

Included is trait, description, the age at which each was measured, the code (abbreviation) used in subsequent tables and text, the unit of
measurement, the sampling strategy, the number of values, the mean, standard deviation, and minimum (Min) and maximum (Max) values

184 Tree Genetics & Genomes (2010) 6:179–193



density traits. The heritability of pilodyn did not change
significantly with age, although the range was greater in the
univariate (h2op ¼ 0:35� 0:55) than in the multivariate
analysis (h2op ¼ 0:44� 0:49). The heritability of density
(DEN16) was 0.52 in both uni- and multivariate analysis
(Table 3).

Within subraces, the age–age additive genetic correla-
tions (ra) for diameter were high, as were those for wood
density, although almost all were significantly less than 1
(Table 4). The highest age–age correlation was for DBH4–
DBH16 (ra=0.95). The additive genetic correlation between
PIL6 and PIL16 was also high (ra=0.77), as was the
correlation between early pilodyn and harvest-age core
density (ra=−0.83). At the subrace level, the age–age
correlations for wood density were higher than that for
DBH. The age–age correlation for pilodyn penetration was
not significantly different from 1 (rs=0.96) but was for
DBH (rs=0.61; Table 4). The lower age–age subrace
correlation for DBH was mainly due to the rank of the
subraces from the Otway region increasing with age and
that of the Furneaux and northeast Tasmanian subraces
declining with age (Fig. 3). The phenotypic age–age
correlations were all significantly different from zero
(DBH4–DBH16 rp=0.76, PIL6–PIL17 rp=0.54; Table 4).
The genetic correlation between DBH and pilodyn declined
with age (Fig. 4). There was a significant (P<0.05) adverse
additive genetic correlation between DBH4 and PIL6 (ra=

Table 4 Intertrait family (ra), subrace (rs), and phenotypic (rp) correlations among selection and harvest-age traits in a E. globulus base
population trial

Trait A Trait B Family Subrace Phenotypic

ra LRT rs LRT rp Pr rp>0

0 |1| 0 |1|

DBH4 DBH16 0.95 (0.03) *** * 0.61 (0.25) *** * 0.76 ***

SUR16 0.92 (0.08) *** *** 0.25 (0.58) ns na 0.49 ***

PIL6 0.26 (0.12) * *** −0.07 (0.32) ns *** −0.02 ns

PIL17 −0.17 (0.13) ns *** −0.08 (0.34) ns *** −0.02 ns

DEN16 0.12 (0.10) ns *** −0.21 (0.31) ns *** −0.03 ns

DBH16 PIL6 0.30 (0.11) * *** 0.06 (0.36) ns *** 0.04 ns

PIL17 −0.07 (0.12) ns *** 0.04 (0.36) ns *** −0.08 **

DEN16 0.08 (0.09) ns *** 0.05 (0.34) ns *** 0.02 ns

PIL6 PIL17 0.77 (0.11) *** * 0.96 (0.04) *** ns 0.54 ***

DEN16 −0.83 (0.07) na na −0.96 (0.03) na na −0.62 ***

SUR16 0.06 (0.12) ns *** −0.80 (0.23) * ns −0.02 ns

PIL17 DEN16 −0.88 (0.07) *** ns −0.83 (0.10) *** *** −0.67 ***

Standard errors are shown as (s.e.). Trait codes are detailed in Table 2. Family correlations are based on multivariate models, while subrace
correlations and family correlations that include survival are based on bivariate models. The significance of the likelihood ratio test for the
difference of the genetic or subrace correlation from 0 (two-tailed) and |1| (one-tailed) is indicated

LRT likelihood ratio test, ns not significant, na model parameters would not converge

*P<0.05; **P<0.01; ***P<0.001
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0.26), but the correlation between DBH16 and PIL17 was
effectively zero (ra=−0.07), as was the correlation between
DBH16 and DEN16 (ra=0.08; Table 4). This loss of
correlation was robust and occurred whether full or
restricted data sets were used, whether multivariate models
that incorporated all five traits DBH4, PIL6, DBH16, PIL17,
and DEN16 (Table 4) or separate bivariate analyses were
undertaken (DBH4–PIL6 compared with DBH16–PIL17;
data not shown), or whether different growth intervals or
increments were analyzed (Fig. 4). These differences in
selection and harvest-age genetic correlations between traits
were statistically significant for the full data set (ra DBH4–
PIL6 vs ra DBH16–PIL17; #21 ¼ 4:7, P=0.03). The differ-
ences had higher significance levels when using 8-year
DBH rather than 4-year DBH (e.g., ra DBH8–PIL6 vs ra
DBH16–PIL17; #21 ¼ 9:0, P=0.003), as well as when
growth increments of 4–8 and 8–16 years were correlated
with PIL6 and PIL17, respectively (full data #21 ¼ 9:5, P=
0.002; restricted dataset #21 ¼ 5:3, P=0.021; Fig. 4). The
only significant phenotypic correlation between growth and
density was the weak negative correlation between DBH16

and PIL17 (rp=−0.08; Table 4).

Discussion

Our selection (4-6 years) and harvest-age (16-17 years)
univariate estimates of narrow-sense heritability for diam-
eter (h2op ¼ 0:15� 0:18) were similar to the average of

published estimates for other open-pollinated progeny trials
of E. globulus (Potts et al. 2004). These estimates were also
comparable to those from other open-pollinated tree species
as reviewed by Cornelius (1994). Our study period of
11 years is only matched by that of Borralho et al. (1992b),
who similarly found stable univariate heritability for stem
basal area traits in E. globulus over a 14-year interval (h2op
age 4=0.17 and age 18=0.14). Results from shorter periods
vary, with Lopez et al. (2002) reporting an increase in
narrow-sense heritability of stem diameter over a 2-year
period as did Volker (2002) over 4 years, both studies
commencing earlier with little mortality during the interval.
Lopez et al. (2003) reported an increase in the expression of
additive genetic variation for height growth of E. globulus
from the nursery to the last measurement in the field at
16 months of age, by which time significant additive
genetic effects were detected, whereas maternal and nursery
effects had subsided. In our case, the apparent stability in
the univariate heritability and coefficient of additive genetic
variation appeared to mask a dynamic genetic architecture
in these open-pollinated progenies arising from the inter-
play between the effects of mortality and competition.
When exactly the same cohort of trees (the restricted data
set) was studied, the expression of genetic variation for
growth and hence heritability tended to increase with age.
However, this increase was countered by size-dependent
mortality that removed genetic variation and thus acted to
decrease heritability estimates.

Genetic-based, size-dependent mortality within trials of
E. globulus has been previously reported (Chambers et al.
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1996) and has the potential to reduce levels of genetic
variance for growth traits in harvest-age populations
compared with that in selection-age populations. The
mortality of genetically small trees from genetic trials is
comparable to their artificial removal by thinning, and the
effect of either process is to reduce the available genetic
variability (Matheson and Raymond 1984; Wei and
Borralho 1998). Therefore, with ongoing mortality occur-
ring, the genetic parameters estimated for a trait (e.g., DBH)
at different ages are not directly comparable, as they are
estimated from slightly different populations, with the later
age population being a subset of the former (Hadfield
2008). E. globulus is known to exhibit significant genetic
variation for adaptive traits which could impact on growth
and survival. These include abiotic factors such as frost
(Tibbits et al. 2006) and drought resistance (Dutkowski
1995) and biotic factors such as mammalian (O’Reilly-
Wapstra et al. 2002) and insect browsing (Rapley et al.
2004) and susceptibility to leaf disease (Milgate et al.
2005). The species also exhibits severe inbreeding depres-
sion for growth and survival (Hardner and Potts 1995;
Hardner et al. 1998). E. globulus has a mixed mating
system (Potts et al. 2004) that results in a proportion of seed
produced being inbred and having lower fitness which is
typically manifested as slower growth rate, which is known
as inbreeding depression. This inbreeding depression
coupled with variation in outcrossing rates in the wild
(Hardner et al. 1998) is believed to be a major factor
driving differences in the performance of open-pollinated
families in common-garden trials of E. globulus (Borralho
1994; Borralho and Potts 1996; Hodge et al. 1996; Volker
2002) and other eucalypt species such as Eucalyptus
grandis (Burgess et al. 1996). Such variation is believed
to be the cause of inflated estimates of narrow-sense
heritabilities derived from open-pollinated families (as used
in the present study) compared to control-pollinated
progeny trials of E. globulus (Hodge et al. 1996; Lopez et
al. 2002; Volker 2002; Li et al. 2007).

Strong selection against inbred offspring has been shown
to result in their elimination from field trials with time in
both Eucalyptus regnans (Hardner and Potts 1997) and
E. globulus (Hardner and Potts 1995), and in our case,
this is likely to result in our 16-year-old population
mainly comprising outcrossed individuals. Restriction of
the 4-year-diameter analysis to only those trees alive at
16 years would thus be expected to focus the analysis on a
population where most inbred genotypes have been
removed, rendering estimates of heritability more in line
with equivalent estimates from known outcrossed popula-
tions. Indeed, our age 4 diameter heritability when
restricted this way (h2op ¼ 0:07) was similar to estimates
based on control-pollinated progenies of E. globulus (h2cp)
of 0.08 (Li et al. 2007) and 0.11-0.12 (Volker 2002).

Nevertheless, inbreeding depression for survival is unlikely
to be the sole explanation for the variation in heritabilities
observed with age, as Volker et al. (2008) report a decline
in univariate estimates of heritability for diameter in a fully
outcrossed population of E. globulus from 0.19 at age
2 years to 0.10 at age 10 years.

Restricting the analysis to use only trees that survived to
age 16 revealed that the heritability and additive coefficient
of variation of diameter increased with age, similar to that
found in other forest tree species where the survivors only
are used (Balocchi et al. 1993; Wei and Borralho 1998), or
where mortality was minimal (Kube et al. 2001; Osorio et
al. 2001). This increase is likely due to stand development
effects which can increase the expression of genetic
variation and thus heritability of growth with age. Such
an increase is believed to be due to differences in growth
between genotypes being exacerbated in response to
competition, with faster growing genotypes tending
to suppress slower growing genotypes (Franklin 1979;
Magnussen 1989). For example, there is some evidence
from hybrid eucalypt clones to suggest that competition
among genotypes may inflate the genetic variance of
growth when it is estimated from single tree or line plots
compared with block plantings where most competition is
between trees of the same genotype (Retief et al. 2001).
Indeed, Hannrup et al. (1998) consider genetic parameters
for diameter to be especially susceptible to distortion due
to competition and recommend early measurement of
diameter for calculation of valid genetic parameters,
whereas genetic parameters of wood properties are
relatively unaffected over longer periods. However, in
E. globulus and many eucalypts, it is difficult to separate
competitive from ontogenetic effects on growth. The
ontogenetic transition between juvenile and mature leaf
morphology normally occurs between 2 and 5 years of age
in E. globulus (Jordan et al. 1999). This ontogenetic
change may impact on (Beadle et al. 1989), or be affected
by growth (Jordan et al. 2000).

The use of multivariate models to account for difference
in population structure through mortality (i.e., the “invisible
fraction” of the population; Hadfield 2008) better reflects
the true genetic variance in the parental population for the
later age growth trait than using univariate models (Wei and
Borralho 1998). Indeed, in our case when later age diameter
heritabilities are estimated with the multivariate model, the
true age trend in expression of genetic variance is revealed,
with the estimated heritability increasing from 0.16 for age
4 to 0.29 for age 16 year diameter. This heritability increase
is due to accounting for mortality rather than an effect of
the multivariate analysis per se as when the restricted
cohort is analyzed, univariate and multivariate heritability
estimates are the same at age 16 years. The failure to
account for mortality, coupled with differences in the
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genetic behavior of open-pollinated and controlled polli-
nated populations, is likely to explain much of the diversity
of age trends in heritability estimates for growth traits
reported in forest trees.

Despite the instability in genetic parameters for diameter
growth, the age–age additive genetic correlations within
subraces over a 12-year-period were very high (ra=0. 95)
and comparable with values reported over shorter periods
for E. globulus (Lopez et al. 2002; Volker 2002),
Eucalyptus nitens (Greaves et al. 1997b) and E. grandis
(van Wyk et al. 1991; Osorio et al. 2003). This high
correlation over a 12-year period is somewhat surprising as
age–age correlations of growth traits generally decline as
the intervals between measurements increase (Borralho et
al. 1992b; Gwaze et al. 2000), at least within the first
20 years, but reinforces the use of early age growth
measurements as predictors of harvest-age growth
(Borralho et al. 1992a; Greaves et al. 2003). However,
genetic correlations only account for the stability of genetic
effects within genetic groups and do not account for the
possibility that the performance of genetic groups such as
subraces may be less stable with age, as we observed (rs=
0.61). In the present case, the lower genetic correlation at
the subrace level appears to be driven by a change in the
rank of several subraces between age 4 and 16, with
consistent responses observed for subraces from the same
geographic region or genetic lineage as defined using
molecular markers (Steane et al. 2006). The relative
performance of the three subraces from the Otway Range
region (Western Otway, Eastern Otway, and Cape Patton)
increased from 4 to 16 years, consistent with their high
ranking for 4-year-diameter growth when averaged over 15
trials across Australia (Costa e Silva et al. 2006).
Concomitantly, subraces from the Furneaux Group (Flin-
ders Island and South Furneaux) and northeastern Tasmania
(St. Helens and Inland northeastern Tasmania) declined in
their relative performance. In the case of the Furneaux
Group subraces, this decline could be caused by a diversion
of resources to sexual reproduction, as these subraces tend
to flower precociously (e.g., Chambers et al. 1997;
McGowen 2007) and more heavily (McGowen 2007;
Suitor et al. 2008) than other subraces. However, there is
no quantitative genetic evidence to support this hypothesis.
While slightly adverse genetic correlations between flower-
ing precocity and early growth were detected in the present
trial (Chambers et al. 1997), these declined with age and
were insignificant at both the additive genetic and subrace
levels by age 8 years (Stackpole, unpublished data). The
decline in growth of the northeastern Tasmanian subraces
could be due to other factors, such as the susceptibility of
the St. Helens subrace to browsing by arboreal marsupials
(O’Reilly-Wapstra et al. 2002). Some subraces, however,
were stable in their ranking, notably, the Gippsland Coastal

Plain and Strzelecki Foothills subraces and the southern
Tasmanian subrace.

Our estimates of heritability for pilodyn (0.35–0.55) are
within the range of those reported for open-pollinated E.
globulus (MacDonald et al. 1997; Lopez et al. 2002),
whereas our estimate of the heritability of harvest-age basic
density (0.52) is at the lower end of the range of values
previously reported for E. globulus (range 0.44–1.00),
although these were for younger tree ages of 8 to 11 years,
and some were derived from basal discs (Borralho et al.
1992b; Muneri and Raymond 2000; Apiolaza et al. 2005).
However, it is consistent with the median value reported for
forest trees in general 0.48 (Cornelius 1994). No study in E.
globulus has looked at whether there is an age trend in the
heritability of pilodyn or basic density at a single site, but
when sites of different ages are compared, no age trends are
evident (Dean et al. 1990; MacDonald et al. 1997; Muneri
and Raymond 2000; Lopez et al. 2002; Volker 2002).
Unlike growth, our heritabilities and coefficients of additive
variation of pilodyn are stable with age. This is noteworthy
for the multivariate estimates, where the multivariate
approach is expected to have a moderating effect on the
estimate (Dieters et al. 1999). This stability is particularly
significant as the two pilodyn assessments are based on
separate samples of the same population, with limited
commonality of individuals. The stability of wood density
heritability is also evident when harvest-age core density
heritability is compared with that of selection-age pilodyn.
Similar stability has been reported for Pinus sylvestris
(Hannrup and Ekberg 1998). This stability occurs despite
the small plot size and illustrates the resilience of genetic
parameters for wood properties to the effect of competition.
The high correlation of open-pollinated and control-
pollinated pilodyn estimates in E. globulus (Volker 2002,
p. 83) indicates that wood properties are little affected by
inbreeding depression and mortality.

The stability of heritability estimates for successive
wood density measurements is also reflected in their high
age–age genetic correlations. Indeed, the stability of
subrace estimates across ages where rs=|0.96| (see also
Miranda et al. 2001) contrasts with that observed for
growth. There are few reports of age–age genetic correla-
tions for wood properties of E. globulus with which to
compare our results (Miranda et al. 2001). Such correla-
tions are less readily obtained than those for growth as early
age sampling may impact on subsequent measures of the
same individual, by for example, coring increasing the
susceptibility to decay (Wiseman et al. 2006; Hamilton et
al. 2007). This source of potential bias is avoided by
calculating correlations from different, but related trees.
Such bias is unlikely to be an issue in the present study as
our age–age additive genetic (e.g., for pilodyn ra=0.77) and
subrace correlations (rs=0.96) are high, there is little
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overlap between selection and harvest-age trees sampled
(20%), and in this trial, decay was not evident in trees
previously sampled by pilodyn. Most reported age–age
genetic correlations in wood density are based on retro-
spective sampling of different age classes or rings in a
single core or disk, and high genetic correlations have been
reported in E. nitens (Greaves et al. 1997b). Reported age–
age correlations of wood properties based on basal core
assay are few and of short period (2-3 years). Nevertheless,
the correlations reported are relatively high at the clonal
level (r>0.7) between age 3 and 6 years for E. grandis
(Osorio et al. 2003) and provenance level in E. globulus
(r=0.57) between 7 and 9 years (Miranda et al. 2001).

The pilodyn only assesses the density of the outer few
rings, and while the actual density of the wood may
increase with age (Ballarin et al. 2007), our high age–age
genetic correlations argue for stability in genotype effects
on density across ages, despite a general increase in density
with age (i.e., all genotypes display a similar increase in
density with age). This is consistent with the high
correlation between the outer ring, whole core and whole
disk densities reported by Greaves et al. (1997b) in E.
nitens, and the high genetic correlations between pilodyn
and core estimates of density in the present study (ra>|0.8|).
Indeed, the high genetic correlations between selection-age
pilodyn penetration and harvest-age wood core density
observed, coupled with the high phenotypic correlations
reported between core density and whole-tree density
(Downes et al. 1997; Raymond and Muneri 2001),
vindicate the early use of pilodyn for assessment of
harvest-age whole-tree density (Callister and England
2009), although it has been argued that early age coring
may have other advantages (Muneri and Raymond 2000).

A key finding in our study is the subtle but significant
change in the genetic relationship between growth (diam-
eter) and wood density (pilodyn) with increasing age.
Initially, the additive genetic correlation between growth
and pilodyn was slightly adverse (ra=0.26). The reported
genetic correlations between growth and density in euca-
lypts are generally from early age assessments and include
both additive (E. globulus MacDonald et al. 1997; Muneri
and Raymond 2000; E. grandis Harrand et al. 2009;
Eucalyptus urophylla Wei and Borralho 1997; Kien et al.
2008) and total (E. urophylla × E. grandis Bouvet and
Bailleres 1995; E. urophylla Ignacio-Sánchez et al. 2005)
genetic correlations. These reported genetic correlations are
varied, but when significant tend to be adverse, as are those
previously reported for E. globulus (e.g., for pilodyn,
MacDonald et al. 1997, ra=0.25±0.06; Costa e Silva et
al. 2009, ra=0.64±0.08). However, in our study, by harvest
age, this weak adverse correlation was no longer different
from zero and was significantly different to the early age
correlation. This change occurred despite the relatively high

age–age additive genetic correlations observed in growth
(>0.95) and density (>0.77) traits over the same period. The
change in correlation between growth and density occurred
regardless of whether (a) harvest-age pilodyn or core
density were used, (b) the analysis was based on the full
early-age data set or that restricted to the more vigorous
subset which survived to harvest age, (c) full multivariate or
bivariate (bivariate data not shown) analyses were under-
taken, or (d) whether diameter or diameter increments were
analyzed. Indeed, using diameter increments that bracketed
the relevant pilodyn measurements increased the signifi-
cance of the change in this additive genetic correlation. The
decline in genetic correlation observed in the full data was
robust and was also evident in individual analyses of the
two larger subraces (data not shown). While this change in
the growth-density correlation with age is subtle, it is robust
and maybe due to the uncoupling of the early physiological
relationship between these two traits with age, rather than
mortality of slower growing denser individuals. In addition,
the decline cannot be explained by a reduction in genetic
variation in the harvest-age population for one or either
traits, as the coefficients of additive genetic variation and
heritabilities of all traits are significantly different from zero
and comparable or often greater in the harvest-age
population.

While age trends in genetic parameters such as herit-
abilities are commonly reported, there are few reports of
changing genetic correlations with age. This is no doubt
due in part to the greater sample size required to detect
significance in changes in genetic correlations (Klein et al.
1973; Xie and Mosjidis 1999), as well as the paucity of
harvest-age studies of genetic parameters for forest trees.
Nevertheless, conceptually such changes are possible and it
is well recognized that genetic correlations between traits
can change with, for example, differing or changing envi-
ronments (Sgro and Hoffman 2004), or through ontogeny
(Watkins 2001). There are even examples of changing
directionality of genetic correlations (Sgro and Hoffman
2004). Such changes in genetic correlation have been
previously found across sites in E. globulus and involved
growth and vegetative phase change (Jordan et al. 2000) as
well as growth and pilodyn penetration (MacDonald et al.
1997). Age trends have been reported in the correlation
between growth and disease damage (Milgate et al. 2005),
whereby the disease which was initially more prevalent on
genetically faster-growing trees, adversely affected the
subsequent growth of those trees relative to other geno-
types, resulting in a negative genetic correlation. In the
present case, the changing genetic correlations indicate that
at the genetic level, trees which initially are faster growing
tend to produce less dense wood, but this was not the case at
later ages. A similar trend has been reported in a retrospec-
tive study of the growth rate and wood density of hybrid
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larch (Larix spp.) measured using X-ray densitometry
(Fujimoto et al. 2006). In contrast, Osorio et al. (2003)
reported the opposite trend in E. grandis with an initial
positive genetic correlation between height growth and wood
density which declined with age toward zero, particularly on
one site. A study of Pinus taeda basal wood cores that were
partitioned into juvenile and mature segments (Atwood et al.
2002) showed no genetic correlation between juvenile tree
volume (10 years of age) and juvenile wood density, but a
significant negative correlation between subsequent mature
volume (11–17 years) and mature wood density. Clearly,
among tree species, the patterns of change in these genetic
correlations with age are diverse, and further study is
required to elucidate the generality of our finding even at
the species level.

It is difficult to differentiate or separate environmental
from ontogenetic effects on changing genetic correlations in
plants, particularly when grown in common garden experi-
ments. Metamorphosis in animals is perhaps the most
marked ontogenetic change that occurs and signals the
possibility of substantial changes in genetic correlations
following programmed, genetic-based uncoupling of corre-
lations (Blouin 1992). The presence of ontogenetically
controlled heteroblasty of foliage in E. globulus (Jordan et
al. 1999) presents the possibility of ontogenetic effects on
wood properties (Loo et al. 1984; Greaves et al. 1997b;
Ignacio-Sanchez et al. 2005; Zamudio et al. 2005). However,
progress in this area must be prefaced by satisfactory
definition of ontogenetic change in wood properties, whether
based on stabilization of radial density with age (Ballarin et
al. 2007) or on cellular heterochrony (Olsen 2007) and the
ability to nondestructively measure wood properties on a
large scale. Further, the effect of competition acting together
with ontogeny cannot be ruled out for wood properties, as
competition has been shown to affect the temporal expres-
sion of diameter–height correlations in other eucalypts
(Bouvet et al. 2005). However, the possibility of the genetic
coupling and decoupling of wood properties with growth is
highlighted in a quantitative trait loci (QTL) study that found
colocation of one QTL for growth rate with one for wood
density, whereas another QTL for wood density was not
colocated with growth (Bundock et al. 2007).

The findings of this study have several important
implications for tree breeding. If genetic correlations
between desired traits can change between selection and
harvest age, then decisions that are made at selection may
prove to be unfounded in the harvest-age population. While
breeders bypass this scenario through parallel but indepen-
dent modeling of desired traits (Schneeberger et al. 1992),
further information on the likelihood and economic
significance of changing correlations needs to be gathered.
Secondly, as correlated response to selection is founded on
the heritabilities of the two traits and their correlation,

differing conclusions about the value of a selection trait
may be drawn depending on whether full or restricted data,
or uni- or multivariate analyses are used. In both cases,
further information is required, ideally through further trial
measurements at harvest age.

Conclusion

This study emphasizes the dynamic nature of the genetic
architecture of growth and wood density in open-pollinated
progeny trials of eucalypts. This dynamism may be due to
mortality, competition, and ontogenetic effects and affects
the level of additive genetic variation of traits, as well as the
stability of genetic correlations among traits, with increasing
age. These changes may occur even where high age–age
correlations suggest that genetic effects across ages will be
relatively stable. This finding has practical importance in
estimation of breeding values, as they are based on selection-
age traits that aim to predict harvest-age traits. The generality
of declining genetic association between growth and wood
density needs to be confirmed at other sites. Further, temporal
studies of growth and wood density based on outcrossed fully
pedigreed parents may provide insights into the contribution
of inbreeding to the finding we reported here.
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