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Abstract
& Context Australian blackwood (Acacia melanoxylon), is a
fast-growing, high-quality, appearance-grade timber species
native to eastern Australia. Some of its key wood properties
are percentage heartwood, heartwood colour, basic density,
wood stiffness and green moisture content. Variation in these
properties affects log value, processing and marketing.
& Aims This study aims to understand how genetics and
environment affect these wood properties.
& Methods Stem cores were taken from 16 open-pollinated
blackwood families from the island of Tasmania, Australia,
which were planted across three 18-year-old progeny trials.
& Results Significant effects of genetics, environment and
their interaction (GxE) were found for many of the wood
properties examined. Both broad-scale and local environ-
mental effects were apparent, with local effects associated
with competition and/or allelopathy from a Eucalyptus
globulus nurse crop present in one trial. No significant
correlation of growth rate (i.e. stem diameter) with wood

properties was detected at the family level apart from a
positive relationship with heartwood width. At the pheno-
typic level, there were many significant correlations
including growth rate with heartwood width, but not with
basic density, or wood stiffness measured as standing tree
time of flight. Faster growing trees had yellower heartwood
while trees with higher basic and green densities tended to
have darker, redder and less yellow heartwood.
& Conclusion Both genetic and environment factors affect
key wood properties of Australian blackwood, but in most
cases these effects were independent of growth rate.

Keywords Blackwood . Genetics .Wood colour. Tonewood

1 Introduction

Blackwood has been recognised in Australia as a premium
appearance-grade hardwood since the early European
settlement. It is one of the most widely distributed tree
species in eastern Australia (Cowan and Maslin 2001). The
species has been planted as an exotic and managed for its
timber values in South Africa, New Zealand, Vietnam,
China and Chile. Blackwood timber is of medium density,
with excellent drying, working and finishing properties. It
has pale cream sapwood with a generally dark heartwood
colour range (Bradbury et al. 2010b). It occasionally
exhibits strong figure in the grain such as fiddleback or
wavy grain. The timber is used in a range of high value end
uses including veneer, musical instruments, furniture,
joinery, flooring and craft.

Log diameter, percentage heartwood and heartwood
colour are key factors determining the value of blackwood
logs (de Zwaan 1982), while traits such as heartwood
colour, wood density and stiffness affect many uses such as
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furniture (Lambert 2004) and tonewood quality (Bucur
2006). Blackwood tonewood is predominantly used for the
back, sides and necks (Evans 2007) and occasionally as
soundboard material in acoustic guitars. Timber used for
soundboards traditionally has good stiffness to density ratio
characteristics, that allow for good sound propagation,
which are mostly associated with softwoods such as spruce
(Picea sp.) and fir (Abies sp.). Back-and-side material
generally has high visual appeal, higher density, good tonal
acoustic properties (high velocity of sound) and good
working and heat bending ability (Haines 2000). Density,
strength, hardness and colour are also key requirements of
timber used for flooring and furniture applications.

The present paper focuses on understanding the relative
importance of the genetic and environmental effects on
blackwood non-colour wood properties, and their intercor-
relations, especially with growth rate and heartwood colour.
Non-colour wood properties of blackwood have been
widely reported (Kingston and Risdon 1961; Bolza and
Kloot 1963; Haslett 1986), based mostly on limited
numbers of samples, often of unknown age and origin,
and using varying sampling and measuring methodologies.
Despite apparent variation in many wood properties, little
attention has been given to genetic and environmental
sources of variation, in spite of their potential effects on
blackwood selection, breeding and utilisation. In this study
family based progeny grown across three trials reported in
Bradbury et al. (2010a), were used to assess the extent of
genetic and environmental variation and their interactions
on wood properties in blackwood.

2 Materials and methods

2.1 Trials and genetic material

Three 18-year-old trials containing 16 open-pollinated
Tasmanian blackwood families were selected (Bradbury et
al. 2010a). One trial was located at Meunna (266/2/2) in
north-west Tasmania while two were located at Virginstow
in northern Tasmania (Virginstow, 266/4/1 and 266/4/2).
The families in each trial were planted in a random
complete block design. Two trials of pure blackwood
(Meunna, 266/2/2 and Virginstow, 266/4/2) were planted
with five blocks, each comprising single-family line plots
of 20 trees. The spacing was 3.0 m between rows and 4.2 m
within rows. The third trial, Virginstow (266/4/1) involved
plantings of the same 16 blackwood families in two blocks
but with an inter-planted nurse crop of one of the main
plantation eucalypts grown in this area, Eucalyptus glob-
ulus. In this trial, family plots were of approximately 0.2 ha
in area, with spacing of 3.0 m between all rows, and 4.2
and 2.1 m within rows for the blackwood and eucalypt,

respectively, with alternate rows of the single blackwood
family and E. globulus, and a minimum of seven rows of
blackwood per family plot. Plots varied in length and width
but there were approximately 80 blackwood trees in each
plot. The nurse crop was included as it was expected to
enhance blackwood survival and form. The two Virginstow
trials were spatially intermixed with planting bays of the
nurse crop trial alternated with planting bays of the pure
blackwood trial, so that the primary difference between the
trials was the presence of the nurse crop. None of the trials
had received any thinning or pruning treatment. Meunna
has deep, fertile, kraznozem soils on Tertiary basalt (soil
type 16.1, Grant 1995), high rainfall (1,600 mm year−1) and
is at an altitude of 320 m and can be regarded as a good site
for growing commercial blackwood. Virginstow has sandy
loam over clay soils on Precambrian sandstone, slate and
phyllite, of low fertility (soil type 4.1, Grant 1995) and
lower rainfall (930 mm year−1), is at an altitude of 160 m
and can be regarded as a poor blackwood site.

2.2 Sampling and measurement

Twelve trees from each of the 16 seedlots were selected
from across two-to-three blocks in each trial for measure-
ment and sampling. The blocks excluded from sampling
were those where survival was low (Virginstow, 266/4/2) or
blackwood wildlings meant pedigrees could not be assured
(Meunna, 266/2/2). The 12 mm diameter stem cores were
taken at breast height (1.3 m) in a north–south direction
from each tree, with no cores taken from trees with a
diameter breast height over bark (DBHOB) of <10 cm. The
standard height and orientation of the core sampling was
adopted for consistency amongst trees. Stem eccentricity
was deemed to be minimal. The 10-cm DBHOB limited
was applied for practical reasons (difficulty of mechan-
ically coring small trees) and to maximise the possibility
of heartwood in the samples for colour analysis. Trees
with DBHOB of ≥10 cm accounted for 64% of all trees
in the 16 families in the three trials. Other than the
DBHOB criterion, trees were randomly selected from
each family plot.

For each tree stem DBHOB was measured, and standing
tree time-of-flight (TOF) was estimated on a one metre
length of the lower stem using a Fakopp transit timer.
Standing tree TOF uses acoustic waves to measure outer-
wood stiffness in trees (Grabianowski et al. 2006). It is used
where selection and breeding for improved wood stiffness
is required. Four TOF measurements were made of each
tree, two each from the north and south sides. Stem core
height was slightly adjusted where necessary to avoid
including branch traces or other obvious defects in the
cores. Cores were labelled and wrapped in plastic film
before being refrigerated.
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In the laboratory, whole green cores were measured for
weight, and volume using the water displacement method,
total sapwood width (the sum of all sapwood from both
sides of the core), heartwood width, percentage heartwood
(by area) and the count of visible annual growth rings
within the sapwood. Cores were then oven-dried at 105°C
for 2 days. Oven-dried whole core weight and volume were
then measured. For colour measurement, the dried cores
were mounted into routed grooves in boards of Pinus
radiata using polyvinyl acetate glue and put through a
commercial drum sander to remove half of each core and
expose a dressed radial surface. Colour was measured using
a Minolta CR400 Chroma Meter and the CIELAB colour
space (Wyszecki and Stiles 1982) using the C illuminant
and the 2° standard observer (Bradbury et al. 2010b).

In brief, the CIELAB colour space is an international
standard colour space which describes all the visible
colours to three coordinates representing the lightness of
the colour (L*), its position between red and green (a*=
redness) and its position between yellow and blue (b*=
yellowness). Colour measurements of the heartwood were
taken in 8-mm radial increments from the pith to the visible
heartwood–sapwood boundary on either side of the pith,
with care to avoid including sapwood in the heartwood
colour data. Two single-sapwood colour measurements
were taken from each core, one either side of the pith
centred between the heartwood–sapwood boundary and the
outer edge of the core under bark. Each sanded core was
also assessed for the presence of any figured grain
(fiddleback, birdseye etc.).

Derived whole core traits were basic density (basic density
=oven-dry mass/green volume; kg m−3), green density (green
density=green mass/green volume; kg m−3) and green
moisture content (GMC=100*(green mass−oven-dry
mass)/oven-dry mass; %). The Fakopp (μs) values were
converted to TOF (m s−1) using the mean of the four Fakopp
measurements. For each core, the mean heartwood and
sapwood L*, a* and b* were calculated. The difference
between two colours can be measured in the CIELAB colour
space using the formula ΔE76 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔL2 þΔa2 þΔb2
p

(Wyszecki and Stiles 1982). Within-core heartwood colour
variation was determined by calculating the difference
(ΔE76) between all heartwood colour measurements. For
each core, both the mean and maximum ΔE76 were used as
measures of heartwood colour variation. For each core, the
difference between the mean heartwood and mean sapwood
colours was also calculated (Bradbury et al. 2010b).

2.3 Data analysis

The significance of trial, seedlot and their interaction on
DBHOB and wood properties was tested by fitting a mixed
linear model to stem core data using Proc MIXED of SAS

(version 9.1, SAS Institute Inc. 2004). The model fitted
was:

Y ¼ TRIAL þ SEEDLOTþ TRIAL:SEEDLOT

þ BLOCK TRIALð Þ þ PLOTþ RESIDUAL ð1Þ
where Y is the vector of observations, TRIAL is the fixed trial
effect, SEEDLOT is the fixed seedlot effect and TRIAL.
SEEDLOT is the fixed trial by seedlot interaction effect.
BLOCK(TRIAL) is the random block-within-trial effect and
PLOT is the random plot-within seedlot within-trial effect. In
a separate analysis, stem diameter (DBHOB) was included as
a covariate added to the linear model as a fixed effect to test
what effect, if any, growth rate had on the wood property
traits. No significant trial by covariate or seedlot by covariate
interactions were detected in preliminary analyses, thus these
terms were not included in the final model. The random REP
(TRIAL) effect was used as the error to provide an
approximate test of the fixed TRIAL effect, and when
significant the Tukey–Kramer test for multiple comparisons
was used to determine which trials were significantly
different (p<0.05). The SEEDLOT and TRIAL.SEEDLOT
effects were tested using the random PLOT term as the error.

To calculate Pearson’s correlations between traits at a
seedlot (i.e. genetic) and phenotypic level, the tree-level data
were firstly standardised using PROC STANDARD of SAS
such that each site had a mean of zero and a standard deviation
of one. Overall seedlot arithmetic means for each trait were
then calculated and the Pearson’s correlations amongst traits
calculated using these means with PROC CORR of SAS. The
phenotypic correlations were calculated on the standardised
tree-level data and represent the pooled, within-trial pheno-
typic correlations amongst traits. In addition to pair-wise
significance levels, a Bonferroni adjustment for a p=0.05
level of significance across all comparisons within a
correlation type was also used (p<0.00064). The Bonferroni
adjustment is used to adjust the significance level to avoid
type I (false-positive) errors when making multiple compar-
isons (Quinn and Keough 2002).

3 Results

3.1 Genetic and environmental variation

3.1.1 Stem diameter and figured grain

The mean diameter of the sampled trees was 15.3±4.2 cm
(Table 1). Nurse crop trial Virginstow (266/4/1) had the
lowest mean diameter of 13.8 cm while Meunna (266/2/2)
had the highest at 16.0 cm. However, the difference
between trials was not statistically significant (Table 1).
This was also the case when all trees from the 16 seedlots
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were measured, rather than the smaller sample of larger
(≥10 cm diameter) trees used in this study (Bradbury et al.
2010a). The differences in stem diameter between seedlots
based on the ≥10-cm subsample were significant, but there
was no significant trial by seedlot interaction (Table 1).
Only one stem core displayed traces of figured (fiddleback)
grain character on the radial surface.

3.1.2 Heartwood and sapwood

Mean (±SD) heartwood width was 86.7±33.2 mm (range, 0
to 206 mm), mean total sapwood width was 53.1±17.5 mm
(range, 17 to 168 mm) and the mean percentage heartwood
was 38.6±13.4% (range, 0% to 77%). Sapwood annual ring
count ranged from 3 to 12 years with a mean of 6.5 but
could only be assessed on 39% of the cores due to indistinct
annual rings. Trial had no significant effect on any of these
three traits. Seedlot had a significant effect on percentage
heartwood and sapwood width (Table 1). However, despite
a significant seedlot effect on stem diameter there was no
significant seedlot effect on the absolute amount of
heartwood. Therefore the significant difference in stem
diameter was due to differences between the seedlots in
sapwood width. This trend was consistent with the
percentage heartwood being significantly negatively corre-
lated with sapwood width at the seedlot level but not with
heartwood width (Table 2). When diameter was fitted as a
covariate, there was a significant difference between
seedlots in the percentage heartwood (F15, 71=3.6; p<0.001),

indicating that, at least in a linear sense, growth rate alone did
not explain the difference in percentage heartwood between
seedlots. There was no significant trial by seedlot interaction
effects on any of these three traits.

3.1.3 Green/basic density and green moisture content

Whole core green density had a mean of 1,001±105 kg m−3

(range, 584 to 1,160 kg m−3), while whole core basic
density had a mean of 488±51 kg m−3 (range, 332 to
635 kg m−3). Both traits showed significant trial and seedlot
effects, as well as significant trial by seedlot interactions
(Table 1). The significant trial effects were due to the nurse
crop trial Virginstow (266/4/1) having significantly lower
green density than the other two trials, and Meunna (266/2/
2) having significantly lower basic density than either of the
Virginstow trials (Table 3). The significant interaction
effects on basic density were due to changes in rank
between seedlots across trials, with two seedlots (1M and
7B) showing particularly marked changes in rank in the
nurse crop trial Virginstow (266/4/1) (Fig. 1). However,
many seedlots retained their basic density ranking across
the trials; especially between the pure blackwood trials at
Meunna (266/2/2) and Virginstow (266/4/2), demonstrating
the significant seedlot main effect on this trait.

Whole core GMC had a mean of 106±22% (range, 51%
to 176%). There were significant trial and seedlot effects on
GMC and no significant interaction effects (Table 1). The
trial effect was very strong with significant differences

Mean SD Trial
F2, 6

Seedlot
F15, 71

Trial x Seedlot
F30, 71

Stem diameter (cm) 15.3 4.2 3.6 1.9* 0.4

Sapwood width (mm) 53.1 17.5 2.9 4.1*** 0.9

Heartwood width (mm) 86.7 33.2 1.7 1.1 0.7

Heartwood (%) 38.6 13.4 1.7 2.1* 1.0

Green density (kg m−3) 1,000.8 104.7 22.6** 2.4** 2.0**

Basic density (kg m−3) 488 51 9.7* 4.5*** 1.8*

Green Moisture Content (%) 106.3 22.5 83.4*** 2.6** 1.6

Time of Flight (m s−1) 3,803 309 3.0 4.2*** 2.5**

Heartwood lightness (L*) 62.7 4.8 14.4** 4.0*** 2.6**

Heartwood redness (a*) 9.5 1.4 11.6** 4.0*** 2.0**

Heartwood yellowness (b*) 20.3 1.2 18.2** 4.2*** 3.6***

Sapwood lightness (L*) 82.2 3.5 4.4 1.4 0.9

Sapwood redness (a*) 3.0 1.1 6.3* 1.1 1.2

Sapwood yellowness (b*) 15.2 1.4 0.2 0.9 0.9

Mean within-core heartwood
colour variation (ΔE)

4.5 1.6 3.0 1.6 1.1

Maximum within-core heartwood colour
variation (ΔE)

10.9 4.7 0.5 1.2 1.0

Sapwood to heartwood mean
colour difference (ΔE)

21.4 4.4 0.3 2.9** 2.0**

Table 1 Stem core properties
together with F values and
significances of the fixed terms
from the mixed model
analysis

*p<0.05; **p<0.01; ***
p<0.001, significance levels
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between all three trials (Table 2). Mean GMC was greatest
at Meunna (266/2/2), the highest rainfall trial and lowest in
the nurse crop trial Virginstow (266/4/1) (Table 3). When
fitted as a covariate in the mixed model, stem diameter had
a significant positive effect on both green density (F1, 440=
7.6; p=0.006) and GMC (F1, 440=12.2; p=0.0005) but not
on basic density (F1, 440=0.0; p=0.948). Similarly, increas-
ing percentage heartwood increased green density
(F1, 440=75.86; p<0.001), GMC (F1, 440=34.4; p<0.001)
and basic density (F1, 440=13.5; p<0.001). Fitting either
variable in the model as covariate had no effect on the
significance of the trial, seedlot or interaction effects on
green and basic density, or GMC.

3.1.4 Time of flight

The mean standing tree TOF was 3,803±309 ms−1 (range,
2,835 to 5,025 ms−1). There was a significant seedlot effect

and a significant interaction effect on TOF (Table 1). The
significant interaction effect was due to both changes in
seedlot ranking between trials as well as changes in
variation in TOF, particularly in the nurse crop trial
Virginstow (266/4/1).

3.1.5 Heartwood colour

Significant trial, seedlot and interaction effects on all mean
heartwood colour traits were found (Table 1), consistent
with the results of Bradbury et al. (2011) where individual
colour measures were analysed using a mixed model which
fitted a cubic spline to model within-core variation. The
significant trial effect was due to the heartwood from the
nurse crop trial Virginstow (266/4/1) being lighter, less red
and less yellow than the heartwood from the other trials
(Table 3). Sapwood colour showed little trial or seedlot
variation (Table 1). The only significant effect detected was
a trial effect on sapwood redness, which was due to the
nurse crop trial Virginstow (266/4/1) having less red
sapwood, consistent with the trend in heartwood (Table 3).
There were no significant trial, seedlot or interaction effects
on either within-core mean or maximum ΔE76 values
(Table 1).

3.2 Correlations

At the phenotypic level within trials, correlations indicated
that faster growing trees (i.e. stem diameter) had more
sapwood and heartwood, greater percentage heartwood, and
greater green moisture content (Table 2). However, at the
seedlot level (i.e. genetic level) these correlations were only
significant for sapwood and heartwood width, with faster
growing families having more heartwood and sapwood
(Table 2). There was no significant correlation between
growth rate and basic density or TOF at either the
phenotypic or seedlot level (Table 2). There were many
significant correlations amongst the wood property traits at
the phenotypic level but few at the seedlot level (Table 2).
At the phenotypic level, TOF was weakly negatively

Trial

Meunna 266/2/2 Virginstow 266/4/1 (nurse crop) Virginstow 266/4/2

Green density (kg m−3) 1,044 a 924 b 1,020 a

Basic density (kg m−3) 465 b 497 a 502 a

Green moisture content (%) 126 a 86 c 104 b

Heartwood lightness (L*) 61.7 b 64.3 a 61.8 a, b

Heartwood redness (a*) 9.6 a, b 9.1 b 9.8 a

Heartwood yellowness (b*) 20.8 a 19.7 b 20.8 a

Sapwood redness (a*) 3.3 a 2.5 b 3.0 a, b

Table 3 Mean stem core values
for the three trials for traits
where significant trial effects
were observed

Values in the same row having
the same letter do not differ
significantly (p<0.05) following
the Tukey–Kramer adjustment

Fig. 1 Significant trial by seedlot interaction effects for basic density.
Typical standard errors for each trial are shown but displayed on only
one seedlot mean for the sake of simplicity
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correlated with GMC (r=−0.27) and green density (r=−0.21),
but not basic density (r=−0.02), despite basic and green
density being positively correlated (r=0.70). At the pheno-
typic level, heartwood colour was weakly correlated with
diameter growth but was correlated with percentage heart-
wood, as well as basic and green densities. Faster growing
trees tended to have darker (L*) and more yellow (b*)
heartwood. However, when the joint correlation with percent-
age heartwood is accounted for by a partial correlation
analysis, only the phenotypic correlation between diameter
and heartwood yellowness was significant (rpartial=0.24;
p<0.001). Trees with higher basic and green density tended
to have darker (L*), more red (a*) and less yellow (b*)
heartwood, however at the seedlot level these correlations
were only significant between green density and heartwood
L*; these correlations remaining significant when the inter-
correlation between percentage heartwood and basic density
was accounted for by removing the effect of percentage
heartwood using partial correlation analysis.

4 Discussion

4.1 Genetic and environmental variation in wood properties

A limited genetic and environmental sampling has shown
that both genetics (seedlot) and environment (trial) can
significantly affect many wood properties in blackwood. In
many cases there were also significant interactions. These
interactions usually involved changes in the ranking of
seedlots, with most changes associated with differences in
seedlot performance in the nurse crop trial, Virginstow
(266/4/1).

The absolute amount of heartwood in blackwood was
driven by growth rate. However, the relative amount of
heartwood was related to variation in sapwood width,
which has a genetic basis; this appeared to drive differences
between seedlots in percentage heartwood. This suggests
that improvements in both growth rate and percentage
heartwood through genetic selection can be made indepen-
dently. However, genetic differences in percentage heart-
wood may become less significant with increasing tree size/
age, as heartwood increases as a proportion of DBHOB.
Percentage heartwood has also been shown to be under
genetic control in other hardwood species including other
Acacia species (Searle and Owen 2005) but not previously
in blackwood.

If percentage heartwood and heartwood colour in
blackwood is to be assessed by breeders, then it is
important to understand at what tree size and age heartwood
formation commences and can be first assessed. This also
requires early age assessments being associated with
harvest age measures (i.e. strong age-to-age correlations).

For breeders, these considerations affect the assessment and
breeding-cycle times. Tree size rather than age may be more
significant in the commencement of heartwood production
in blackwood. Two previous studies of blackwoods of
similar or younger ages have shown trees of larger stem
diameter had greater percentage heartwood than the current
study. A 10-year-old progeny trial had mean diameters of
16.6 to 20.5 cm with mean percentage heartwood of 42% to
52% (Nicholas et al. 1994); thinnings from a 17-year-old
silvicultural trial had a mean diameter of 24.1 cm and mean
percentage heartwood of 54% (Nicholas et al. 2007); the
current study of 18-year-old blackwood had a mean
diameter of 15.3 cm and mean percentage heartwood of
38.6%. The best performing provenance in the 10-year-old
trial was the same as that used in the silvicultural trial,
where only the smaller, thinning material was sampled.
While this comparison is confounded by genetic and
sampling effects, it does indicate that stem diameter may
be the dominant factor controlling the initiation of
heartwood production. This hypothesis needs to be tested
with age–age correlations in percentage heartwood across a
range of genetic material. No age–age correlations in
percentage heartwood in blackwood or any other Acacia
species are known.

Green and basic densities, GMC and stiffness estimated
as TOF were within the ranges previously reported. Basic
density range was similar to that in a 17-year-old
silvicultural trial involving a single Tasmanian blackwood
provenance (291–633 kg m−3) (Nicholas et al. 2007). The
variation in these wood traits, even within the limited range
of material sampled in this study, highlights the issue of
product consistency in blackwood, particularly the very low
basic densities (<400 kg m−3) that may be associated with
low strength and low hardness. The significant differences
between seedlots for these traits indicates that genetic gains
are possible, although the significant trial (excluding TOF)
and GxE interaction effects (excluding GMC) show that
greater understanding of the environmental factors affecting
these traits is needed. Significant genetic variation in basic
density has previously been found in blackwood (Nicholas
et al. 1994) and other Acacia species (Searle and Owen
2005; Hai et al. 2007), with significant differences found
between provenances (Hai et al. 2007). Much of the
significant interaction effect on basic density in the current
study was due to major reaction by a few seedlots (e.g. 1M
and 7B) to conditions in nurse crop trial Virginstow (266/4/
1), while most seedlots showed reasonable stability in
ranking across the three trials (Fig. 1), demonstrating the
significant genetic effect on basic density.

This was not the case with TOF where the significant
interaction effects were the result of changes in order of
rank across the trials for many seedlots, as well as increased
variation in TOF between the seedlots in the nurse crop trial
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compared with the two pure blackwood trials. Basic
density, stiffness and specific stiffness (stiffness to weight)
are important tonewood traits. With the increasing recogni-
tion of blackwood as a premium tonewood, a greater
understanding of these wood properties will help identify
the best blackwood for different tonewood applications, and
hence for selection and breeding for these properties.
Identifying genetic material that demonstrates stable
wood property rankings across a range of sites will be
important if gains in selection and breeding programs are
to be fully realised.

The significant difference between the pure blackwood
trials (Meunna, 266/2/2 and Virginstow, 266/4/2) clearly
show that broad-scale environmental factors can affect
blackwood basic density and GMC but potentially less so
heartwood colour or TOF (Table 3). Significant environ-
mental effects on basic density as well as heartwood colour
in blackwood have previously been reported (Harrison
1975a; Harrison 1975b; Nicholas et al. 2007). Harrison
(1975b) found no significant variation within but signifi-
cant variation between regions in heartwood colour in
blackwood plantations across South Africa. The environ-
ment that produced the best (dark and uniform) colour was
a site well watered during the growing season but which
had a definite dormant period induced by low rainfall and
low temperatures as well as a frost period. The total amount
of rainfall during the growing season was less important
than the number of rain days. The results of Harrison
(1975b) were not supported by Nicholas et al. (2007) who
found significant differences in heartwood colour between
two sites close together, assumed to have similar climates
while three more distant sites, presumed to have greater
differences in climate, were not significantly different in
heartwood colour.

Nicholas et al. (2007) reported similar site differences for
basic density to those found in this study, but did not identify
rainfall differences as the possible cause. Higher basic
density on drier sites has been observed in Acacia mangium
(Awang and Taylor 1993) and E. globulus (Raymond and
Muneri 2000), which is consistent with the present results as
Virginstow is drier than Meunna. Downes et al. (2006) found
a significant reduction in wood basic density in E. globulus
and Eucalyptus nitens under irrigation that was not related to
diameter growth. This is consistent with the current study
where significant differences in basic density between trials
were not associated with significant differences in diameter
growth (Table 3). However, the lack of significant difference
in basic density between the two Virginstow trials, despite a
significant difference in wood GMC, suggests that factors
other than moisture availability are also influencing black-
wood basic density.

Mean heartwood colour values were within the range
previously recorded (Nicholas et al. 1994; Bradbury 2005;

Nicholas et al. 2007). The significant trial, seedlot and
interaction effects for all heartwood colour traits have been
reported previously using different analyses (Bradbury et al.
2011) and demonstrate the complex nature of heartwood
colour expression in blackwood. Mean and maximum
measures of within-core variation (ΔE) showed no signif-
icant seedlot or trial effects, despite the significant effect of
trial and seedlot on the linear change in heartwood colour
reported previously (Bradbury et al. 2011). This suggests
this methodology may have little power to detect biolog-
ically significant differences in within-tree colour variation.
This lack of power may explain the absence of significant
site and seedlot effects on within-tree colour variation in
Calycophyllum spruceanum, which was examined using
similar methods (Sotelo Montes et al. 2008).

The significant difference in heartwood colour between
the two Virginstow trials was due to the presence or absence
of the nurse crop. The only other differences detected
between these trials were for green density and GMC. The
presence of the nurse crop resulted in lighter, less yellow
and less red wood as well as wood with lower GMC (also
reflected in lower green density). This relationship between
colour change and GMC associated with the presence of a
nurse crop is unlikely to be causal and probably represents
independent responses of the colour traits and GMC. This is
due to the fact that: (1) there was no difference in
heartwood colour between the two pure blackwood trials
despite a significant difference in GMC of the wood
(Table 3); (2) despite significant differences between
seedlots in both heartwood colour and GMC there were
no significant correlations between these traits at the seedlot
level (Table 2); and (3) despite significant phenotypic
correlations between GMC and the colour traits between
trees within sites which were consistent with the nurse crop
trends, the magnitude of the correlations was low (r<0.16;
Table 2). So, while Harrison (1975b) reported that black-
wood grown in South Africa on wetter sites produced
darker wood, the present study suggests this is unlikely to
be due to GMC per se. It is possible that the increased
competition from the E. globulus nurse crop decreased the
water available to the blackwood which affected the green
moisture content of the wood, but these results suggest that
other effects of competition or even allelopathy are
responsible for the adverse effects on heartwood colour.

Figured blackwood, especially fiddleback, is in high
demand (Lambert 2004). Little research has been done into
the genetic or environmental control of figure in wood
(Bragg et al. 1997), even less into techniques for sampling
for figured wood. The reliability of stem cores for sampling
for figure is therefore unknown. Fiddleback has been
observed simultaneously on both the tangential and radial
surfaces of blackwood timber. Stem cores may be more
effective in detecting figure on the radial surface, depending
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upon the spatial extent and characteristics of the figure.
That one core was observed to have fiddleback on the radial
surface in this study indicates that this sampling technique
may have some potential for future research into figured
wood in live trees.

4.2 Correlations

Significant positive phenotypic correlations between diam-
eter growth and percentage heartwood in this study support
previous studies in blackwood (Nicholas et al. 1994;
Nicholas et al. 2007) and demonstrate that at the phenotypic
level, faster growing trees will produce more heartwood
compared with sapwood. However, in the present study, the
genetic-based differences between seedlots in this propor-
tion were due to differences in the absolute amount of
sapwood rather than heartwood. In the present study larger
trees had higher GMC, but this relationship was not
statistically significant in the study by Nicholas et al.
(1994). The lack of significant genetic and phenotypic
correlations between diameter growth and other important
wood properties such as basic density and TOF (Table 2),
suggests that increasing growth rates through either
selection and breeding, or intensive management, should
have little impact on these traits. This supports previous
studies that have found no significant negative phenotypic
correlations between diameter growth and basic density in
blackwood (Nicholas et al. 1994; Bradbury 2005; Nicholas
et al. 2007) and other Acacia species (Kim et al. 2008; Hai
2009). However, Hai (2009) found a significant negative
genetic correlation between growth rate and wood stiffness
measured on dried boards sawn from Acacia auriculiformis.

The green and basic densities were significantly posi-
tively correlated at the phenotypic and seedlot levels. There
was a clear trend at both levels for wood with high basic
density to have lower GMC, a trend also reported by
Nicholas et al. (1994). Time of flight measurements on the
standing trees were weakly negatively correlated with
moisture content and green density but not basic density.
There are no known comparable studies of TOF in
blackwood with which to compare the present data.
Yamamoto et al. (1998) measured standing tree radial
(rather than longitudinal) TOF values for A. mangium.
Significant positive correlations between standing tree TOF
and wood density have been reported in A. mangium and
other hardwood species (Yamamoto et al. 1998; Henson et
al. 2004). As TOF is an indirect measure of wood stiffness,
the significant seedlot variation in this trait and its apparent
independence from basic density may be of potential
interest in tonewood markets. The variation in blackwood
basic density found in this and other studies, together with
the apparent independent variation in wood stiffness found
in this study, indicates the potential of blackwood to be

used in a range of tonewood applications such as sound-
boards as well as back-and-side sets in acoustic guitars
(Haines 2000; Wegst 2006; Morrow 2007).

The present study revealed a weak phenotypic associa-
tion between growth rate and several aspects of heartwood
colour. There was also a relationship between the percent-
age heartwood and several heartwood colour traits. Once
this was accounted for there was only the tendency for
larger trees to have more yellow heartwood that remained
significant. Nicholas et al. (1994; 2007) found no signifi-
cant phenotypic correlations between diameter growth and
heartwood colour. However, in an independent study of
native blackwood regrowth of variable age, Bradbury
(2005) also reported a significant positive correlation of
tree diameter and with heartwood yellowness (b*). A
similar correlation has also been found in the Amazonian
hardwood C. spruceanum (Sotelo Montes et al. 2008) but
not in Eucalyptus dunnii (Vanclay et al. 2008) or teak
(Tectona grandis) (Moya and Berrocal 2010). In all cases,
correlations between diameter growth and heartwood colour
were weak (r<0.23), so that contrary to popular belief (p.
19, Morrow 2007), increased growth rate in blackwood
does not lead to major changes in heartwood colour.
However, there is a clear trend at the phenotypic (most
significant) and family (only one significant) level for trees
with greater percentage heartwood and greater basic and
green density to have darker, redder and less yellow
heartwood colour, all of which are favourable trends to
meet general market requirements. These findings are
consistent with those previously reported for basic density
in blackwood (Nicholas et al. 1994) and C. spruceanum
(Sotelo Montes et al. 2008).

A major issue for blackwood breeders and growers is the
lack of information on market requirements for blackwood
timber at the level of individual wood properties such as
heartwood colour, basic density and wood stiffness. These
requirements are likely to vary between market sectors, and
change with consumer preferences. More market research is
needed to allow breeders and growers to produce black-
wood with more consistent wood properties better matched
to market requirements.

Increasing blackwood growth rate under intensive
management or through seedlot selection should result in
increased heartwood production but have little effect on
wood quality based on the traits assessed in this study.
While significant site and seedlot effects were demonstrated
for several important wood properties in this study, further
advances will depend upon large scale sampling to better
understand the effects of environment and genetics on their
expression. At the environmental level, more sites need to
be assessed as well as the impact of co-occurring species.
Indeed, the finding that the nurse crop had an adverse effect
on some wood properties needs further investigation so as

Genetic and environmental variation in wood properties 1371



to understand the mechanisms involved. It also means that
the already complicated silviculture required in plantations
with nurse crops is now confounded with potential adverse
effects of the nurse crop on wood properties. At the genetic
level, it is clear that greater sampling of the native range of
blackwood is required to better understand the geographic
trends in genetic variation and to estimate the genetic
parameters such as heritabilities and genetic correlations
required to predict the genetic gains achievable.
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