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Abstract
Forty-one E. bosistoana families were evaluated for the production of heartwood quantity and quality in two sites. High 
estimated heritabilities of heartwood diameter (HWD) were found in both sites (0.66 and 0.71). The estimated heritabilities 
of extractives content (EC) were lower with 0.16 and 0.25. Weak genetic correlations between HWD and EC were found in 
one site, but highly negative (− 0.86) genetic correlations were observed in the other. The G × E interaction had no signifi-
cant influence on growth traits but a small-level influence on the EC. Five families were selected for tree breeding as they 
produced both large HWD and high EC in both sites. It was suggested that genetic breeding selection could improve the 
heartwood quantity and quality of E. bosistoana plantations.
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Introduction

Most tree breeding programs for Eucalyptus species target 
improvements in tree growth and health, basic density and 
pulp yield, as plantations were primarily intended for pulp 
and paper products (Greaves and Borralho 1996; Schimleck 
et al. 2004; Stackpole et al. 2010). Less work has been done 
on improving Eucalyptus solid-wood properties; in particu-
lar, work on heartwood properties is very scarce. As planta-
tions and their breeding programs have evolved, for some 
species the range of traits assessed has increased to include 
natural durability (Bush et al. 2011).

Natural durability describes the resistance of wood to 
biological decay by fungi, insects or marine borers with-
out wood preservation treatment. The presence of wood 

extractives is the most important factor explaining the natu-
ral durability of wood (Hawley et al. 1924; Rudman 1964). 
Extractives are deposited when the inner part of the sap-
wood is transformed into heartwood (Hillis 1987; Taylor 
et al. 2002).

New Zealand vineyards preponderantly use softwood 
posts to support the vines. These posts are treated with cop-
per/chrome/arsenate (CCA), as untreated radiata pine is not 
sufficiently durable to meet commercial standards (Bush 
et al. 2011). However, these wood preservation treatments 
result in costly and potentially harmful environmental prob-
lems (Townsend and Solo-Gabriele 2006). These concerns 
have resulted in naturally durable wood being increasingly 
regarded as a desirable material for posts.

There is significant within-species variability on natural 
resistance to biodeterioration, which is partly controlled by 
genetics and possibly amenable to improvement through 
breeding (Hillis 1987). Genetic variation in natural dura-
bility has been reported for various tree species, including 
Larix sp. (Gierlinger et al. 2004), Thuja plicata, Chamae-
cyparis nootkatensis (Taylor et al. 2006) or Picea glauca 
(Yu et al. 2003) as well as some eucalyptus species. Signifi-
cant variation in fungal decay resistance has been reported 
in Eucalyptus marginata (Perry et al. 1985), E. cladoca-
lyx (Bush 2011) and E. grandis as well as E. camaldulen-
sis × botryoides clones (Palanti et al. 2010). Bush (2011) 
also found that methanol extractive content in E. cladocalyx 
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could be improved by breeding, a finding mirrored in Pinus 
sylvestris with reported heritability ranging from 0.5 to 0.7 
for quantities of different extractives (Fries et al. 2000).

Apart from heartwood of good quality, it is also impor-
tant that the trees produce large quantities of heartwood. 
Heartwood quantity has also been shown to be under genetic 
control, for example in E. cladocalyx (Bush 2011) or P. syl-
vestris (Ericsson and Fries 1999).

For genetic variability, the effect of environmental vari-
ables should also be considered. Lima et al. (2000) found 
significant clone × site interaction for wood density of 26 
Eucalyptus clones in four sites at 8 years old. There is also 
evidence of plantation site influencing heartwood decay 
resistance in Tectona grandis (Moya and Berrocal 2010). 
Gierlinger et al. (2004) reported that the heartwood/sapwood 
ratio and the axial development of heartwood within E. glob-
ulus shows high levels of genotype × environment (G × E) 
interaction. Moraes et al. (2002) suggested that site differ-
ences may indirectly influence the amount of heartwood 
extractives linked to termite resistance in Eucalyptus spp.

Eucalyptus bosistoana can grow in warm temperate cli-
mates up to 30–40 m in height and usually has excellent 
stiffness, high density and hardness (Bootle 2005; Poyn-
ton 1979). In addition, E. bosistoana is classified as class 
1 durable (Australian Standard 2003), having a life expec-
tancy of more than 25 years in-ground. The New Zealand 
Dryland Forests Initiative (NZDFI) identified E. bosistoana 
as the main species to establish an alternative durable wood 
plantation in New Zealand to meet the insufficient supply of 
ground-durable timber (Altaner et al. 2017). There are very 
few studies on the performance variability of E. bosistoana, 
particularly of its durability as a plantation species (Apiolaza 
et al. 2011; Davies et al. 2017).

In this study, we examine the influence of genetic and 
environmental effects on the variability of properties associ-
ated to durability of E. bosistoana, using samples taken from 
two first-generation progeny trials. Heartwood diameter 
(HWD), sapwood diameter (SWD) sapwood area (SWA), 
heartwood extractive content (EC) and growth traits were 
examined. Near infrared reflectance (NIR) spectroscopy was 
evaluated as a rapid and cost-effective method to screen sam-
ples for EC.

Materials and methods

Materials

The New Zealand Drylands Forest Initiative (NZDFI) 
planted two E. bosistoana progeny trials in 2010. The tri-
als represented 41 open-pollinated families, established in 
Martin (Canterbury) and Craven’s Road (Marlborough) on 
New Zealand’s South Island. Table 1 summarises the char-
acteristics of the two sites.

All trees were planted in an alpha lattice incomplete-
block, single-tree-plot design. Incomplete blocks were 
12m × 10.8m , with 30 trees per plot using a 2.4 m × 1.8 m 
spacing. Each tree represented one family, and no family was 
repeated within a block. Trials were thinned and pruned in 
Craven’s Road at age six. There were one family at Martin 
and five families at Craven’s Road with no surviving trees.

Measurements

Stem diameter at breast height (DBH) was measured in 
2017. Samples were collected in May and June 2017, coring 
all living trees in the trials with a battery-powered, 14-mm 
inner-diameter increment corer. Bark-to-bark stem cores 
through the pith were taken ~ 50 cm above the ground. In 
total, 1115 trees were cored at Martin and 650 trees at Cra-
ven’s Road (Table 1). Each core was collected into a cool-
ing box and measured for core length under bark and HWD 
with a ruler in the green state at the day of collection. The 
heartwood was highlighted on the cores using a pH indicator 
(methyl orange). Heartwood changed colour to pink, while 
the colour of sapwood remained unchanged. SWD was cal-
culated as the difference between the core length and HWD. 
SWA was calculated assuming circular a cross section.

NIR spectroscopy and model calibration

Measurements of EC and decay resistance in laboratory tests 
or field trials are time- and cost-consuming. Near infrared 
spectroscopy was used for rapidly and effectively measur-
ing the EC in thousands of tree cores. Each core was placed 
into an air-controlled room for a month (25 °C, 60% RH) to 
obtain a stable moisture content (~ 9%).

Table 1   Main site characteristics of E. bosistoana family trials

Site Longitude Latitude Average annual 
rainfall (mm)

Soil type Tree age Planting year Families 
sampled

Trees sampled

Martin 172°39′ 43°11′ ~ 1000 Alluvial soils 7 2010 40 1115
Craven’s Road 173°56′ 41°26′ ~ 1000 Alluvial soils 7 2010 35 650
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NIR spectra were collected from each core sample at the 
radial–tangential plane, after it had been sanded using P 100 
sand paper, with a fibre optics probe (Model N-500, Bruker 
Optics, Germany) every 5 mm along the heartwood. Spectra 
were acquired from 9000 to 4000 cm−1 at 4 cm−1 intervals. 
Thirty-two scans were averaged for each spectrum. EC was 
predicted for each spectra using a PLS calibration developed 
by Li and Altaner (2018). The mean EC in heartwood was 
calculated as an area-weighted average.

Statistical analysis

Estimates of genetic parameters were obtained by fitting 
bivariate linear mixed models with restricted maximum like-
lihood (REML) analysis. Considering a single-trait obser-
vation yi for a tree, it can be represented with the following 
model equation:

where xi is a vector linking the fixed effects m to the obser-
vation, and bi, fi and ei are the random block, family and 
residual effects. Expanding the notation to a bivariate case, 
for each individual we have a vector of two observations yi 
(phenotypes for trait 1 and 2), and random vectors bi, fi and 
ei for blocks, families and residuals. Stacking those vectors 
for all trees produces the model equation:

where y is a vector of phenotypic observations, m is the 
vector of fixed effects (overall mean), b, f and e are vectors 
of bivariate random effects for block, family and residual 
effects. X, Z1 and Z2 are incidence matrices linking obser-
vations to the appropriate effects. The vector of expected 
values (E) and dispersion matrices (Var) were defined as:

where ⊗ and ⊕ are the direct product and direct sum opera-
tions, respectively, and
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(2)� = �� + �
1
b + �

2
f + e

E
[

y
]

= ��

Var[�] = �
1⊗�0

Var[�] = �
2⊗�0

Var[�] = �⊕�0

�
0
=

[

�2

b1
�b1b2

�b1b2 �2

b2

]

�
0
=

[

�2

f1
�f1f2

�f1f2 �2

f2

]

�
0
=

[

�2

e1
�e1e2

�e1e2 �2

e2

]

where �2

bi
 , �2
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 and �2
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variances for trait i , and �bibj , �fifj and �eiej are the block, fam-

ily and residual covariances between traits i and trait j . The 
block and residual covariances were 0 when analysing the 
same trait across sites, as there was no information to esti-
mate them.

The narrow sense heritability (h2) for trait i was estimated 
by using variance components from model 2

where �2

fi
,�2
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 and �2

ei
 are, respectively, the family, block and 

residual variance for trait i . The genetic correlations (rgij ) and 

phenotypic correlation (rpij ) between trait i and trait j were 

calculated as

where �
fij
 is the estimated family covariance between trait i 

and trait j , �2

fi
 is the estimated family variance for trait i , and 

�2

fj
 is the estimated family variance for trait j . The realised 

genetic gain ( ΔGR ) was computed by subtracting the mean 
breeding values of selected top ratio wood traits from the 
total mean of the wood trait. The difference was subse-
quently calculated in each site.

All models were fit using the asreml-R package (Gilmour 
et al. 2009) in the R statistical system (R Core Team 2017).

Results and discussion

Differences between family and site in growth 
and heartwood properties

Table 2 presents summary statistics for the six traits at 
Martin and Craven’s Road. In both sites, the coefficients of 
phenotypic variation (CV) were highest for HWD followed 
by SWA, EC, DBH and SWD. There were site-level differ-
ences for the wood traits, with Craven’s Road showing the 
higher mean for DBH, SWD, SWA and HWD but the lower 
mean for EC. In detail, DBH and HWD for trees at Craven’s 
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Road were with 101.8 and 42.1 mm significantly larger than 
those at Martin where DBH averaged 64.2 mm and HWD 
31.7 mm. The mean annual increment in DBH was 14.5 mm/
year at Craven’s Road and 9.2 mm/year at Martin. The mean 
SWA were 84.5 and 55.6 cm2 in Craven’s Road and Martin, 
respectively. However, these larger trees at Craven’s Road 
had a lower mean EC (7.7%) than those at Martin (9.6%). 
The EC means were lower than the 12% methanol-soluble 
extractives reported for E. cladocalyx at 8 years of age (Bush 
et al. (2011). However, apart from difference between spe-
cies, older trees are known to produce more extractives than 
younger trees (Rudman 1964) and methanol extracts slightly 
different compound mixtures than ethanol which was pre-
dicted in this study.

The data showed that trees at Craven’s Road produced 
more heartwood and more sapwood. As trees at Craven’s 
Road produced less heartwood extractives during growth 
than those at Martin suggested that fast growing trees usu-
ally produce less EC.

Heritability estimates used a coefficient of relationship 
of 1/2.5 in our study, which differed from (Apiolaza et al. 
2011), who used ¼ for half-sibling E. bosistoana families. 
The genetic structure of eucalypt populations is known to 
be complex due to inbreeding and hybridisation (Elliott 
and Byrne 2003; Hunde et al. 2007; McDonald et al. 2003). 
However, there is no published information on both the 
reproductive biology and population structure of E. bosisto-
ana to make informed assumptions. Lower relatedness coef-
ficients pushed heritability estimates outside the parameter 
space ( h2 > 1 ), suggesting deviations from the assembling 
of half-siblings and the presence of inbreeding effects.

Moderate individual heritability estimates were found 
for most wood traits (Table 2). The highest heritability esti-
mates were for DBH at Martin (h2 = 1.11) . The estimated 
heritability for HWD in both sites was similar with 0.66 and 
0.71. These values were higher than the findings of Bush 
et al. (2011), who estimated a heritability of 0.3–0.38 for 

heartwood proportion in E. cladocalyx and Santos et al. 
(2004) who presented a heritability of 0.39 for the sap-
wood/heartwood ratio in E. grandis. EC was less heritable 
( h2 = 0.16 in Martin and 0.25 in Craven’s Road). This was 
lower in one of the sites than the results reported by Wu 
et al. (2017) for EC who reported  a heritability of 0.26 for E. 
grandis and E. urophylla hybrids and by Bush et al. (2011) 
who reported a heritability of 0.25 for E. cladocalyx. The 
estimates of heritability for DBH at age 7 were 0.69 and 
1.11 for the two sites. These were higher than the reported 
h2 of 0.13 estimated at age 7 for E. globulus (Costa e Silva 
et al. 2009). The high and moderate heritabilities for HWD 
and EC (Table 2), respectively, together with the substan-
tial variability, suggested potential for improving heartwood 
quantity and quality via selection for E. bosistoana.

Phenotypic and genetic correlations between traits

Table 3 shows the estimated genetic and phenotypic correla-
tions between different traits at Martin and Craven’s Road. 
Genetic correlations were high between HWD and DBH 
( rg = 0.89 in Martin and rg = 0.98 in Craven’s Road). Mar-
tin had the smaller DBH and smaller heartwood diameter 
distribution, which suggested that tree growth constrained 
heartwood diameter growth. In summary, big trees yield 
larger heartwood diameter than small trees. Similar positive 
correlations have been reported among DBH and heartwood 
diameter in P. pinaster (Pinto et al. 2004), P. radiata (Wilkes 
1991), and E. globulus (Miranda et al. 2009).

No genetic correlation (0.13) and weak phenotypic cor-
relation (0.37) was found between HWD and EC at Martin, 
while at Craven’s Road significant negative genetic correla-
tions between EC and other traits, including HWD (− 0.86), 
SWD (− 0.89) and DBH (− 0.86) were detected. In 2015 this 
site was pruned and small trees thinned, which may have 
contributed to the differences between sites. Negative cor-
relations between growth traits and EC were also reported 

Table 2   Descriptive statistics of 
growth and heartwood traits of 
7-year-old E. bosistoana grown 
in Canterbury and Marlborough, 
New Zealand

DBH diameter at breast height, EC heartwood extractive content, HWD heartwood diameter, SWA sapwood 
area, SWD sapwood diameter

Site Traits Minimum Maximum Mean CV (%) SD h2

Martin HWD (mm) 3 82 31.73 51 16.01 0.66 (0.12)
SWD (mm) 20 144 60.38 26 15.46 0.66 (0.10)
DBH (mm) 30 140 64.18 32 20.45 1.11 (0.12)
EC (%) 1.83 22.38 9.63 42 4.09 0.16 (0.05)
SWA (cm2) 11.94 149.74 55.55 44 24.66 1.24 (0.12)

Craven’s Road HWD (mm) 3 175 42.10 61 25.85 0.71 (0.11)
SWD (mm) 18 135 70.28 25 17.74 0.53 (0.10)
DBH (mm) 33 230 101.80 33 33.56 0.69 (0.11)
EC (%) 0.77 18.02 7.67 46 3.54 0.25 (0.08)
SWA (cm2) 14.17 263.89 84.51 51 43.07 0.91 (0.13)
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by Wu et al. (2017) for Eucalyptus hybrid clones. Therefore, 
growing large-diameter trees on fast growing sites will not 
necessarily result in the most valuable plantations if durable 
wood is the target product.

Site influence on wood traits

Genotype by environment (G  × E) interaction is a common 
preoccupation in breeding for growth traits (Alía et al. 1997; 
Costa e Silva et al. 2006; Ivković et al. 2015). In multi-
variate genetic evaluation, genetic correlations between the 
same traits in different sites can be interpreted as a measure 
of G × E interaction. Consistent rankings across sites (low 
G × E interaction) are reflected as high genetic correlations.

Figure 1 shows the genetic correlations across sites (and 
their standard errors) for all traits, while Fig. 2 displays the 
across-site stability for the predicted family values. Rankings 
were consistent across the two sites for HWD, SWA, SWD, 
DBH indicated by the high genetic correlations of 0.98, 0.96, 
0.93 and 0.95, respectively. Even the lowest genetic cor-
relation (0.6 for EC) suggested only moderate changes in 
the rankings between sites. Nevertheless, it is important to 
remember that this is a sample of only two sites, and there is 
evidence of more variable performance between sites for E. 
bosistoana in terms of tree height (e.g. Apiolaza et al. 2011).

Family selection

Quantity and quality of heartwood are the main timber traits 
in the NZDFI breeding programme. Families that have both 
large HWD and high EC should be preferred for breeding. 
Figure 3 presents the mean of HWD and EC relationship in 
both sites. It is clear that some families have large HWD in 
both sides, including families 133, 134, 135, 138, 139, but 
have also lower EC. These families should not be selected as 

low EC is likely to result in low natural durability. Similarly 
families, which produced high EC but small HWD in both 
sites, for example 118, 121 or 128, should not be selected. 
In contrast, despite the negative correlation between EC 
and HWD (Table 3), some families (including 101, 112, 
117, 120, 126) produced above average HWD and EC and 
should be selected. Families, which performed above aver-
age for both, HWD and EC, in only one of the sites (e.g. 132 
and 115 at Craven’s Road and 107 and 111 at Martin) have 
potential when matched to site conditions.

Realised genetic gains

The realised genetic gains when selecting the top 10, 20 
and 30% of the families for individual traits are presented 

Table 3   Phenotypic (above 
diagonal) and genetic 
correlations (below diagonal) 
between traits with standard 
error between parentheses

DBH diameter at breast height, EC heartwood extractive content, HWD heartwood diameter, SWA sapwood 
area, SWD sapwood diameter

Traits HWD SWD DBH EC SWA

Martin
HWD − 0.08 (0.06) 0.59 (0.04) 0.37 (0.04) 0.60 (0.04)
SWD 0.47 (0.16) 0.43 (0.05) − 0.22 (0.04) 0.76 (0.02)
DBH 0.89 (0.04) 0.76 (0.08) 0.15(0.04) 0.81 (0.02)
EC 0.13 (0.23) − 0.52 (0.18) − 0.18 (0.13) 0.02 (0.05)
SWA 0.85 (0.06) 0.89 (0.04) 0.99 (0.01) − 0.33 (0.21)
Craven’s Road
HWD 0.17 (0.08) 0.78 (0.03) 0.03 (0.07) 0.67 (0.04)
SWD 0.97 (0.07) 0.58 (0.04) − 0.29 (0.06) 0.87 (0.01)
DBH 0.98 (0.01) 0.88 (0.05) − 0.14 (0.06) 0.90 (0.01)
EC − 0.86 (0.18) − 0.89 (0.11) − 0.86 (0.14) − 0.22 (0.06)
SWA 0.98 (0.03) 0.99 (0.01) 0.98 (0.01) − 0.85 (0.13)

Fig. 1   Genetic correlations ( R2

g
 ) of growth and heartwood traits for E. 

bosistoana at age 7 between two sites. Bars denoted standard errors. 
DBH diameter at breast height, EC heartwood extractive content, 
HWD heartwood diameter, SWA sapwood area, SWD sapwood diam-
eter
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in Table 4. Genetic gains increased with stronger selec-
tion rates for all traits. Estimated genetic gains for DBH in 
both sites ranged from 17.8 to 34.7 mm. This compared to 
gains of 11.6–24 mm per year reported for E. globulus when 
selecting the top 0.6% of individuals (Jarvis et al. 1995). 
However, since for E. bosistoana the target trait is heart-
wood, selection for DBH is not appropriate. Instead, selec-
tion should consider HWD, which gave estimated gains from 
21.9 to 14 mm for Craven’s Road and from 16.7 to 10.5 mm 
for Martin. Larger genetic gain for HWD, SWD, DBH and 
SWA can be expected for sites comparable to Craven’s Road. 

Growing conditions similar to those at Martins only slightly 
favoured realised genetic gain for EC.

Conclusions

We observed high variation and relatively high heritabili-
ties of HWD (h2 = 0.66–0.71) and DBH (h2 = 0.69–1.11) 
for 7-year-old E. bosistoana at all sites. It was possible to 
identify families with superior HWD and EC despite their 
negative genetic correlation.

Fig. 2   Changes of family rank-
ings across sites for heartwood 
diameter (HWD), DBH, extrac-
tives content (EC) and sapwood 
area (SWA) for E. bosistoana 
at age 7 between two sites. 
Family values are expressed as 
deviation from the site mean. 
BV breeding values, DBH 
diameter at breast height, EC 
heartwood extractive content, 
HWD heartwood diameter, SWA 
sapwood area

Fig. 3   Relationship between 
extractives content (EC) and 
heartwood diameter (HWD) 
breeding values of E. bosis-
toana families at age 7 in two 
sites
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There was no practically significant G × E interaction 
for growth traits, while there was a small level of G × E 
interaction for EC. We observed both phenotypic and 
genetic variation for HWD and EC between the families, 
indicating that there is potential to improve heartwood 
quantity and quality in E. bosistoana by selection to ensure 
trees with abundant heartwood of good quality.
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