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Abstract

Eucalyptus pellita is cultivated for pulpwood in tropical and subtropical regions but remains underutilised for structural
applications, particularly in dry tropical environments. Compared to well-studied species such as Eucalyptus grandis and
Eucalyptus globulus, its potential in engineered wood products is poorly understood. As plantation industries seek to
diversify products and increase wood value, understanding the structural suitability of E. pellita hybrids is critical. This
study evaluated the performance of E. pellita and its F1 and backcross hybrids across two dry tropical sites, spanning
log quality, product recovery, structural properties, and genetic associations. Billets were assessed for form, diameter, and
defects. Sawing and peeling trials quantified recovery rates and defects. Laminated veneer lumber (LVL) was fabricated
from hybrid veneers and tested for density, modulus of elasticity (MOE), modulus of rupture (MOR), and bond quality.
The E. pellita x Eucalyptus brassiana hybrid achieved highest recoveries among the materials tested (sawn board recovery
up to 49.2%; green veneer recovery up to 83.6%). The highest-performing LVL (layup 3) from this hybrid achieved an
MOE of 18.8 GPa and MOR of 139 MPa. Genetic analysis using a targeted panel of ~5500 single nucleotide polymor-
phism (SNP) markers identified significant associations above the —logio(p)=1.30 threshold for end split (SNP1358), knot
diameter (SNP3201), and heartwood proportion (SNP2187). Although statistical power was limited by sample size, these
findings highlight the potential of E. pellita hybrids for structural applications and demonstrate the value of integrating
phenotypic and molecular data to support tropical hardwood breeding and utilisation strategies.

1 Introduction

There is growing interest in utilising fast-growing Eucalyp-
tus species in hardwood commercial tree plantations, due
to their high productivity, adaptability, short rotations, eco-
nomic returns (Li et al. 2015; Balasso et al. 2022; Vaknin
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and Korol 2023; Bafio et al. 2025), and suitability for pulp,
paper, sawn timber, and fibreboard manufacturing (Wu et
al. 2017; Japarudin et al. 2022; Hutapea et al. 2023). Tradi-
tionally, small-diameter logs from young Eucalyptus planta-
tions were unsuitable for sawmilling and peeling due to low
recovery rates, however, recent advancements in sawmilling
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and spindleless lathe technologies have enabled efficient
processing, resulting in improved recovery (Leggate et al.
2017; Belleville et al. 2018, 2020; McGavin and Leggate
2019; Jimenez et al. 2021; McGavin et al. 2021). Eucalyp-
tus pellita is gaining popularity as a tropical plantation spe-
cies where it has been planted in countries such as Australia,
Indonesia, Papua New Guinea, and parts of Southeast Asia.
Fast-growing Eucalyptus trees grown without silvicultural
or genetic improvement often exhibit wood with small
diameters, low strength and stiffness, and branch defects,
which negatively affect the recovery and quality of sawn
timber and veneer (Balasso et al. 2022). Therefore, combin-
ing appropriate silvicultural practices with the breeding of
genotypes possessing desirable wood traits is essential for
improving product recovery and suitability for high-value
applications.

Tree improvement offers a practical approach to enhance
both the quality and quantity of E. pellita timber supply
(Kien and Bien 2024). There has been a growing interest
in Eucalyptus breeding programs worldwide. Clonal for-
estry has advanced significantly, leading to notable gains
in plantation productivity and wood volume (Ramage et al.
2017; Nickolas et al. 2020). Genetic improvement efforts
in Eucalyptus species have predominantly focused on pulp-
wood breeding objectives. However, there is growing inter-
est in improving wood traits for solid wood applications,
with recent studies examining the genetic control of traits
such as density, stiffness, and pulp yield (Marco de Lima
et al. 2019; Nickolas et al. 2020; Ho et al. 2021; Drew et
al. 2022; Rashidi-Jouybari et al. 2022). In forest genetics,
phenotypic traits result from the interaction between genetic
and environmental factors, such as soil type, rainfall, tem-
perature and site management practices (Jurcic et al. 2023).
Comparative trials across diverse environments help disen-
tangle these effects and guide breeding priorities (Nickolas
et al. 2020; Iyiola et al. 2022). Blackburn et al. investigated
genetic differences in sawn board stiffness and checking,
highlighting their potential for improvement through selec-
tive breeding (Blackburn et al. 2010). Wood density, as
one of the most studied wood properties, is an important
indicator of strength, stiffness, and dimensional stability. It
shows moderate to high heritability and is often used as a
key selection trait in breeding programs (Hassegawa et al.
2019; Balasso et al. 2021; Yanez et al. 2021). Other wood
traits such as acoustic velocity, lignin, pulp yield, microfi-
bril angle (MFA), fibre length (FL), and fibre width (FW)
have been investigated (Marco de Lima et al. 2019; Nadeau
et al. 2023). In these studies, moderate to high heritability
estimates have been observed for wood quality traits such as
density and flexural stiffness, often exceeding those reported
for growth traits (Marco de Lima et al. 2019; Thavamani-
kumar et al. 2020; Kombi Kaviriri et al. 2021). However,
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despite the strong genetic control of density, its relatively
low genetic variance can limit achievable genetic gains. For
instance, in clonal populations of E. nitens % E. globulus,
genetic variances are generally high for volume and pulp
yield, and moderate for basic density (Ibarra et al. 2023).

Effective selection depends on identifying end-use
requirements, for instance, E. globoidea has been evalu-
ated for heartwood content and extractives related to wood
durability (Iyiola et al. 2022). For sawn timber and veneer
production, key traits include diameter at stump height, knot
size, slope of grain, presence of reaction wood, and stem
straightness, as these influence both strength and recovery
(Wimmer and Johansson 2014; Ramage et al. 2017; Has-
segawa et al. 2019; Purba et al. 2019; Japarudin et al. 2021a;
McGavin et al. 2021; Barrette et al. 2023). High heritabil-
ity and genetic variation for these traits have been reported
in E. globulus (Nickolas et al. 2020). Genetic studies on
processing recovery remain limited, particularly for saw-
ing and peeling traits. In E. nitens, however, significant
genetic variation has been reported for traits such as diam-
eter, stem straightness, and log volume, which are linked
to sawn timber recovery (Blackburn et al. 2011). A notable
trade-off is the positive correlation observed between diam-
eter at breast height (DBH) and log splitting, suggesting that
larger trees may be more prone to splitting (Blackburn et al.
2011). Additionally, genetic correlations have been reported
between acoustic traits and veneer sheet stiffness in E. nitens
(Blackburn et al. 2012).

While genetic correlations with veneer stiffness have
been reported, little is known about how genetic variation
influences recovery and product quality in E. pellita and
its hybrids. Laminated veneer lumber (LVL) is a widely
used EWP valued for its strength, dimensional stability, and
efficient use of raw materials. Studies on laminated veneer
lumber (LVL) from fast-growing Eucalyptus species have
highlighted the influence of veneer and lamina quality,
adhesive type, and pressing conditions on product strength
and durability (Leggate et al. 2017; Belleville et al. 2020;
McGavin et al. 2021). Recent work also emphasises the role
of visual grading and veneer characteristics such as density
and knots in determining structural performance (Purba et
al. 2019; Barrette et al. 2023). While some research has
considered the effects of log traits and genetic variation, the
relationship between these factors and recovery outcomes
remains underexplored. Although single nucleotide poly-
morphism (SNP) markers have been widely used in forest
genetics, their application to understanding variation in pro-
cessing traits, such as recovery rates and product quality,
remains limited.

E. pellita is a fast-growing tropical hardwood valued for
its moderate to high density, strength, and natural durability,
making it suitable for both pulp and solid wood products.
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Studies have reported basic densities ranging from 550 to
750 kg/m?, with air-dry modulus of elasticity (MOE) values
between 14 and 20 GPa and modulus of rupture (MOR) val-
ues between 90 and 120 MPa, indicating strong mechanical
performance (Japarudin et al. 2021b; Kien and Bien 2024;
Falade et al. 2025). However, challenges such as dimen-
sional instability, internal checking, and shrinkage variation
have limited its broader utilisation in structural applications.
Falade et al. (2025) reported significant variation in tangen-
tial and radial shrinkage among E. pellita and its hybrids,
underscoring the need to improve dimensional stability for
value-added uses. Despite its high growth potential, research
on E. pellita has largely focused on pulping performance
and plantation productivity, with limited understanding of
how log traits and genetics influence processing recovery
and engineered wood product performance.

This represents a critical knowledge gap, particularly
for species, where aligning genetic improvement with end-
product performance is essential for commercial viability
and resource efficiency. This study addresses these gaps by
linking log traits and genetic variation to sawing and peel-
ing recovery, and by evaluating their impact on the quality
of LVL products derived from E. pellita hybrids. This study
aims to inform genetic selection strategies and contribute
to improving the efficiency and sustainability of wood pro-
cessing in plantation forestry. The specific objectives are to:
(1) investigate the genetic relationship between SNP mark-
ers and key log traits influencing recovery in E. pellita and
its hybrids; (2) assess the correlations between growth traits
and wood recovery and (3) examine the performance of
laminated veneer lumber (LVL) produced from E. pellita
and its hybrids. The findings will inform genotype selec-
tion and drive more efficient, sustainable use of plantation-
grown hardwoods.

2 Materials and methods
2.1 Plantation sites and tree selection

This study was conducted on 10-year-old Eucalyptus pel-
lita and hybrid plantations located at Kilu Impini 64 and
Yapilika 28 on Melville Island, Tiwi Islands (~80 km north
of Darwin, Australia). Both sites experience a tropical mon-
soonal climate, with 1200-1400 mm annual rainfall and
a temperature range of 19-33 °C. The plantations were
established in 2012 at 3 X3 m spacing and managed under
standard silvicultural practices for pulp and paper produc-
tion. Each site comprised 10 seedlots and 1,000 planted
trees. By 2022, 763 trees remained at Kilu Impini 64 and
666 at Yapilika 28. Based on field measurements and tree
health assessments at age 10, Kilu Impini 64 (11° 25’ 6.00"

S, 130° 30" 0.00" E) was classified as a high-productivity
site, characterised by larger trees (mean DBH~ 19 cm; mean
height=19 m) and better overall health compared with
Yapilika 28 (11°33'45.00"S, 130°34'39.00"E), which was
classified as moderate in productivity (mean DBH=17 cm;
mean height=~18 m). Tree health assessments indicated
good general condition at both sites; however, Kilu Impini
64 exhibited higher crown size (CSS=4.4, score on a 1-5
visual scale) and crown density (CD=6.3, score on a 1-9
visual scale), lower crown epicormic growth (EG=0, indi-
cating nil epicormic development based on a standard visual
ordinal scale), and reduced foliar damage (FD=4.4, score
on a 1-5 visual damage scale) compared with Yapilika 28
(CSS=4.0, CD=5.7, EG=3, FD=4.6). Tree health attri-
butes were assessed using established visual tree and crown
health assessment protocols for eucalypt plantations (Stone
et al. 2003), with crown epicormic growth scored according
to the presence and extent of epicormic shoots within the
crown and foliar damage scored based on the severity of
leaf damage and defoliation. These indicators collectively
confirm the greater vigour and productivity of Kilu Impini
64 compared with Yapilika 28. Kilu Impini 64 is character-
ised by deep red to grey-yellow sandy soils (>2 m), while
Yapilika 28 is underlain by Moonkinu Member sandstone
exceeding 3 m in depth. A replicated trial design was used
at both sites, with 25 trees per plot and four replications per
seedlot.

DNA was extracted using a modified cetyltrimethylam-
monium bromide (CTAB) protocol, following Tibbits et al.
(2006), which facilitates efficient tissue collection and high-
yield DNA isolation from mature trees. Genotyping was
performed by Gondwana Genomics using Targeted Geno-
typing-by-Sequencing (TGS) with a custom E. pellita single
nucleotide polymorphism (SNP) panel (Thavamanikumar et
al. 2020; Thumma et al. 2022). Sequencing was conducted
on an [llumina platform (Illumina Inc., San Diego, USA)
at an average read depth of 30x per locus. Five genetic
groups were identified: E. pellita, E. pellita x E. brassiana
(F1 and BC), and E. pellita x E. urophylla (F1 and BC),
with E. pellita as the recurrent parent in backcrosses. The
inclusion of BC generations captured a broader range of
E. pellita genomic contribution and enabled evaluation of
trait inheritance and heterosis relevant to productivity and
product development. Hybrid material originated from ten
seedlots representing controlled and open pollinated fami-
lies used in operational breeding. Genetic clustering con-
firmed hybrid composition and backcross relationships, and
the groups were treated as representative of their respective
hybrid classes rather than pure species. A raw dataset of
approximately 5500 SNP markers per individual was gen-
erated and provided for downstream genetic structure and
association analyses. SNPs were aligned to the Eucalyptus
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grandis reference genome (v2.0, Phytozome) for down-
stream analyses.

For each genetic group at each site, six trees were ran-
domly selected to represent high, medium, and low wood
density classes. Wood density was measured non-destruc-
tively using a Resistograph (IML Resi PD400, IML Sys-
tem GmbH, Wiesloch, Germany). A three-bar histogram,
representing the distribution of density values, was used to
classify trees into three categories (upper, middle, and lower
thirds) corresponding to high, medium, and low-density
classes. Of these, five trees per group from each site were
used for sawing trials (50 trees in total). Additionally, four
mature E. pellita trees (30 years old) from a separate site
(Bremer) were included to assess the recovery rates in older
trees. The sixth tree in each group was allocated for peeling
trials; however, only a subset was selected for actual use.
These included one tree from each of the following groups:
E. pellita, E. pellita x E. urophylla (F1), E. pellita x E. uro-
phylla (BC), and E. pellita x E. brassiana (BC) from Kilu
Impini 64; and E. pellita x E. brassiana (BC) from Yapi-
lika 28. Additionally, a mature E. pellita tree (30 years old)
from the Bremer site was included. In total, six trees were
selected for peeling. All harvested logs were stored under a
water sprinkler system to minimise stress before process-
ing. For the sawing trial, a 2.4 m billet was collected from
the lower bole, approximately 1.5 m above the ground. The
lower 1.5 m section of these trees was retained for a separate
study on wood property characterisation. For the peeling
trial, a 1.8 m billet was collected just above stump height.
The top of each billet was defined by the small-end diameter
(SED) after cross-cutting. On average, one billet per tree
was processed for each method (Fig. 1).

Fig. 1 Schematic diagram for the
collection of billets for a sawing,
showing the large-end diameter
(LED) and small-end diameter
(SED), and b for peeling
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2.2 Growth traits and single nucleotide
polymorphism (SNP) marker data

This research was part of a larger project comprising related
studies focusing on Fucalyptus pellita and its hybrids. This
included assessment of growth traits, such as height and
diameter at breast height (DBH), from 1,500 trees across
the two plantation sites. DNA from these trees was individu-
ally genotyped using an E. pellita single nucleotide poly-
morphism (SNP) marker panel developed by Gondwana
Genomics, applying the Targeted Genotyping-by-Sequenc-
ing method. A total of 5,500 SNP markers were generated
per tree across all 1,500 trees (GondwanaGenomics 2025).
For this study, genetic data corresponding to the selected
trees were extracted from this larger SNP dataset.

2.3 Billet assessment

For each billet, large-end diameter (LED) and small-end
diameter (SED) under bark were calculated from long-
and short-axis measurements using Eqs. (1) and (2). This
method estimates an equivalent circular diameter for oval
cross-sections, following (Belleville et al. 2018, 2020)

2 2

LED \/LELD +2 LESD )
2 2

SED \/SELD —|—2 SESD 2)

where LELD and LESD are the large-end long-axis diameter
and large-end short-axis diameter (mm) respectively, SELD
and SESD are the small-end long-axis diameter and short-
axis diameter (mm) respectively.

Large-end heartwood diameter (LEHD) and small-end
heartwood diameter (SEHD) were calculated using Egs. (3)
and (4), respectively.

Rotary peeling

{b)
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LELHD? + LESHD?

LEHD = \/ JQF 5 3)
2 2

SEHD — \/SELHD ; SESHD @)

where LELHD is the large-end long-axis heartwood diam-
eter (mm), LESHD is the large-end short-axis heartwood
diameter (mm), SELHD is the small-end long-axis heart-
wood diameter (mm), and SESHD is the small-end short-
axis heartwood diameter (mm).

Billet volume was determined using Smalian’s formula

(Eq. 5).
LED + SED\?
— L bt M 5
V=mox ><(4=><1000> )

where V is the billet volume (m?), and L is the billet length
(m).

Heartwood proportion (HP%) was calculated as the ratio
of heartwood area (HA) to basal area (BA), as shown in
Egs. (6) to (8) (Belleville et al. 2018). This provides a rela-
tive measure of heartwood development among trees of
similar diameter and allows comparison of genetic and site
effects on heartwood formation.

HA

where
LEHD + SEHD  1\?
HA= 7 ( +5 X ) (7
2 2
and
2
BA— = <LEDJ2rSED o ;) ®)

Additional log characteristics recorded included sweep,
number of knots, knot size, and end splits (Fig. 2). Sweep

T

16’

S 5

(%) was measured as the maximum deviation from a
straight line between log ends. Number of knots was the
total count of visible knots on the billet surface. Knot size
was the largest diameter measured perpendicular to the log.
End splits were the longest surface cracks extending to the
edge, expressed as a percentage of log length (Belleville et
al. 2018). Measurements were taken immediately before
milling to minimise variation due to post-felling changes.

The total end splits (ES), log taper (Tp), and ovality (O)
were calculated using Egs. (9) to (11), respectively.

LEES + SEES

where LEES is the large-end end split (mm) and SEES is the
small-end end split (mm).

LED — SED
Tp= ——  “——
P= 5L % 1000 (10)
0—1 y LESD+SESD .
) LELD ' SELD an

2.4 Billet processing, veneer recovery, and grading

Billets were peeled using a spindleless lathe with a targeted
veneer thickness of 4 mm. The green recovery (GR%) for
each billet was determined using Eq. (12).

GLi X GWz X GTz)
Vbittet

GR (%) = 2= (12)

where GL;, GW,, and GT; are the length, width, and thick-
ness of the i-th green veneer sheet, respectively, and V;,;,,
is the billet volume. 7 is the total number of veneer sheets
obtained from each billet.

Veneer sheets were air-dried under cover for 72 h to
below 16% MC. They were then remeasured, and dry veneer
recovery (DR%) was calculated using Eq. (13).

maximum split

Maximum diameter
perpendicular to log length

Line between end centers

(@)

(b)

Fig. 2 Schematic illustration of sweep a (Graves 1986), knot b, and end split ¢ measuring methods (Redman et al. 2015; Belleville et al. 2018)
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> " (DL, x DW; x DT})
Vbittet

DR (%) = (13)

where DL;, DW,, and DT, are the length, width, and thick-
ness of the i-th air-dried veneer sheet, respectively.

Dried veneers were visually graded according to the Aus-
tralian/New Zealand grading standard (AS/NZS 2012). This
standard classifies veneer sheets into six grades: A, S, B, C,
D, and Reject. Gross veneer recovery (GSR%) was calcu-
lated as the ratio of the total volume of usable veneer sheets
to the initial log volume (Eq. 14). Only sheets that met the
A, S, B, C, or D grade classifications were included. Using
Eq. (15), net recovery (NR%) was then estimated by apply-
ing a trimming factor (0.85) (Belleville et al. 2018).

" (L, . x DT,
GSR (%) = izl ‘X/ We ) % 100 (14)
billet

Table 1 Veneer layup in 5-ply laminated veneer lumber (LVL) fabrica-
tion

LVL Veneer sheet combination

sample Face Core Core Core Back
veneer  veneer veneer veneer veneer

Layup 1 Mature Mature E.  E. pel- Mature E.  Mature
E. pellita litax E.  pellita E.
pellita brassiana pellita

BO)

Layup 2 Mature Mature £.  E. pel- Mature E.  Mature
E. pellita litax E.  pellita E.
pellita urophylla pellita

(F1)

Layup 3 Mature E. pellitax E. pel- E. pellita x Mature
E. E. brassi-  litax E. E. brassi- E.
pellita  ana (BC)  brassiana ana (BC)  pellita

BO)

Layup 4 Mature E. pellitax E. pellita  E. pellita x Mature
E. E. brassi- E. brassi- E.
pellita  ana (BC) ana (BC)  pellita

Layup 5 Mature E. pellita  E. pellita  E. pellita ~ Mature
E. E.
pellita pellita

Layup 6 Mature E. pel- E. pel- E. pel- Mature
E. litax E. litax E. litax E. E.
pellita  urophylla  urophylla  urophylla  pellita

(BC) (BC)  (BO)

Layup 7 Mature E. pel- E. pel- E. pel- Mature
E. litax E. litax E. litax E. E.
pellita  urophylla  urophylla  urophylla  pellita

(F1) (F1) (F1)

Layup 8 Mature E. pel- E. pellita  E. pel- Mature
E. litax E. litax E. E.
pellita  urophylla urophylla  pellita

(F1) (F1)

Face and back veneers from mature E. pellita were A and S grades,
while core veneers from hybrids were D grade sheets; one panel per
layup was fabricated
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where L; and W, and are the length and width of the i-th
air-dried veneer sheet, respectively, while DT is the corre-
sponding veneer thickness.

NR = GSRxtrimming factor (15)

2.5 Fabrication of laminated veneer lumber (LVL)
and evaluation of its physical and mechanical
properties

Phenol formaldehyde (PF) adhesive, with a viscosity of
2000-3000 cP, was used to achieve a Type A bond suitable
for structural and weather-exposed applications (AS/NZS
2016a). Adhesive preparation and application followed the
manufacturer’s specifications. Manufacture of LVL and
material testing were done following AS/NZS 4357 (Struc-
tural laminated veneer lumber) and AS/NZS 2098 (Meth-
ods of tests for veneer and plywood). LVL panels were
fabricated using five veneer plies, each measuring 400 mm
x 400 mm x 4.0 mm. The veneer sheet for the configura-
tion was selected from the mature E. pellita (face and back
veneers) and hybrids (core layers) (Table 1). Veneers were
conditioned in the conditioning chamber to a moisture con-
tent of 4-6%. Glue was applied to both sides of sheets 2
and 4, forming four glue lines. Layup time was 1 to 3 min,
with a 5 min open and 20 min closed assembly time. Panels
were cold-pressed at 1 MPa for 10 min, then hot-pressed at
135 °C and 1.3 MPa for 8 min. LVL panels were machined
into test samples and conditioned to 12% MC before test-
ing. Density of the LVL samples was determined. The bond
quality was determined using Type A bond test following
AS/NZS 2098. Mechanical properties (MOE and MOR)
were tested according to AS/NZS 4357 (AS/NZS 2016b, c).

2.6 Billet processing, sawn timber recovery, and
grading

Billets (2.4 m) from E. pellita and hybrids were back sawn
using a LUCAS mill (Model 6-18) with a plain sawing
pattern to maximise recovery and retain sapwood. Target
board dimensions were 100 mm % 25 mm x 2200 mm and
150 mm % 25 mm x 2200 mm, with initial sawing approxi-
mately 5 mm more than the nominal size to allow for shrink-
age and dressing. Boards were labelled and air-dried for 32
weeks, then kiln-dried from 40 to 60 °C over three weeks
to reach 12% MC. The final dimensions after dressing were
approximately 100 mm x 25 mm % 2200 mm and 150 mm
x 25 mm x 2200 mm, respectively. On average, 2—5 boards
were recovered per billet. However, in mature E. pellita
trees, recovery was higher, averaging 5—10 boards per billet.

Sawn board recovery (SR), sawn-graded recovery
(SGR), and dried-dressed recovery (DDR) were calculated
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for each billet and then averaged by hybrid group within
each site to assess variation among genetic groups and sites.
These were calculated following McGavin et al. (2021).
Sawn board recovery (SR%) measures the proportion of log
volume converted into boards. SR (%) was calculated using

Eq. (15).

Zboard(W X T x L)
Zlogv

SR = x 100 (16)

where W is the sawn board nominal dried width (m), T is
the sawn board nominal dried thickness (m), L is the sawn
board length (m), and ¥ is the log volume (m?).

Sawn graded recovery (SGR%) accounts for losses from
both sawing and grading, including defects, and was calcu-
lated using Eq. (16).

> voara W x T x GL)
Zlogv

SGR = x 100 (17)

where W is the sawn board nominal dried width (m), 7 is
the sawn board nominal dried thickness (m), GL is the sawn
board length (m) that meets the grade requirements of Aus-
tralian Standard (AS 2016), V is the log volume (m?).

Dried-dressed recovery (DDR%) includes losses from
sawing, grading, and final machining, and was calculated
using Eq. (17).

S voura(DDW x DDT x GL)

DDR =
Z logV

x 100 (18)

where DDW is the board’s nominal width (m) after drying
and machining. DDT is the board’s nominal thickness (m)
after drying and machining. GL is the sawn board length (m)
that meets the grade requirements of the Australian Stan-
dard (AS 2016), and V is the log volume (m?).

After drying, boards were visually graded following
Australian Standards AS 2082:2017 (Timber Hardwood-
Visually stress-graded for structural purposes) (AS 2017)
and AS 2796.2:2006 (Timber Hardwood sawn and milled
products — Part 2: Grade description) (AS 2016). Defects
contributing to board downgrading (e.g., knots, checks,
wane, and distortion) were recorded during grading.

2.7 Data analysis

Variation in log traits among genotype groups (Hybrid) was
analysed separately for each site using one-way analysis of
variance (ANOVA) in R software (version 4.3.3). Within
each site, the effect of Hybrid on each trait was tested, and
post hoc comparisons were conducted using Tukey’s Hon-
est Significant Difference (HSD) test. Correlations between

growth traits and recovery measures were evaluated using
Pearson correlation in RStudio. A SNP-based association
analysis was conducted to examine the genetic basis of log
traits using data from 55 E. pellita trees and ~5,500 SNPs
generated by Gondwana Genomics (GondwanaGenom-
ics 2025). All SNPs were mapped to Chromosome 1 of the
Eucalyptus grandis reference genome, as provided in the
dataset. To improve data quality, SNPs with multiple vari-
ants or a minor allele frequency (MAF) below 0.10 were
excluded, yielding a final set of approximately 3,000 high-
quality markers. Association testing was conducted using
the Bayesian-information and Linkage-disequilibrium
Iteratively Nested Keyway (BLINK) method implemented
in GAPIT version 3 (Huang et al. 2018; Wang and Zhang
2021). A kinship matrix was calculated using the VanRaden
(2008) method to account for genetic relatedness among
individuals and control for population structure. In BLINK,
markers identified as significant in the initial iteration are
incorporated as fixed-effect covariates in subsequent itera-
tions to reduce false positives and improve detection power
(Huang et al. 2018). Multiple testing was controlled using
the Benjamini-Hochberg False Discovery Rate (FDR) cor-
rection method (adjusted p<0.05) (Huang et al. 2018). SNP
positions were aligned to the Eucalyptus grandis reference
genome (version 2.0) available on Phytozome (https://phy
tozome-next.jgi.doe.gov/info/Egrandis_v2 0). The E. gran
dis genome was used as a proxy due to its strong synteny
and close evolutionary relationship with E. pellita (Rocha
et al. 2022).

3 Results and discussion
3.1 Influence of genotype and site on log traits

To evaluate the effects of genotype and plantation site on
form and quality, log traits were assessed across genotype
groups at two plantation sites: Kilu Impini 64, characterised
by higher productivity, and Yapilika 28, known for moderate
productivity. Traits related to billet form included volume,
small-end diameter (SED), small-end heartwood diameter
(SEHD), and heartwood proportion (HP) (Table 2). In addi-
tion, the number of knots, knot diameter, end-split percent-
age (ES), taper, ovality, and log sweep were assessed to
determine billet quality (Table 3).

Log traits varied across genotypes and plantation sites.
At Kilu Impini 64, growth conditions were favourable,
resulting in minimal variation among hybrids. Billet vol-
ume ranged from 0.03 m? (E. pellita x E. brassiana (F1) to
0.05 m* (E. pellita), with SED values of 124.9-162.7 mm,
and SEHD ranged from 102.1 to 129.9 mm, respectively.
Heartwood proportion ranged from 60.4% to 70.3%. Among
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Table 2 Mean variation among sawn log traits: volume, small-end
diameter (SED), small-end Heartwood diameter (SEHD), and Heart-
wood proportion (HP)

Hybrid/plantation ~ Noof  Volume SED SEHD HP
site billet (m3 ) (mm) (mm) (%)
Kilu Impini 64
E. pellita 5 0.0512* 162.7* 129.9*° 66.1°
0.0108) (18.5) (16.8) (3.8)
E. pellita x E. 5 0.0333*  124.9* 1022* 65.7°
brassiana (F1) (0.0248) (48.02) (52.2) (15.2)
E. pellita x E. 5 0.0499* 161.5* 129.3* 68.0°
brassiana (BC) (0.0085) (19.8) (18.9) (10.7)
E. pellita X E. 5 0.0465* 147.1* 115.1°  60.4°
urophylla (F1) (0.0150) (10.8) (6.6)  (14.1)
E. pellitax E. 5 0.0495* 157.8* 129.5* 70.5°
urophylla (BC) 0.0137) (23.4) (18.0) (8.8)
p value 0381  0.196 0420 0.707
F value 1.106  1.671  1.021  0.542
Yapilika 28
E. pellita 5 0.0441*  148.7* 126.5* 73.9°
0.0184) (31.8) (28.6) (13.8)
E. pellita x E. 5 0.0146° 857° 712°¢ 72.1°
brassiana (F1) 0.0052) (12.7) (15.7) (16.4)
E. pellita x E. 5 0.0470* 150.1* 123.7* 71.2°
brassiana (BC) 0.0066) (17.4) (14.3) (5.2)
E. pellita x E. 5 0.0262® 1132 82.6* 60.7%°
urophylla (F1) 0.0097) (21.1) (19.6) (7.6)
E. pellita x E. 5 0.0468* 152.5* 119.6® 56.2°
urophylla (BC) 0.0102) (17.2) (16.3) (6.0)
p value 0.002*  0.001* 0.002* 0.049%
F value 6289 6966 6840 2952

Standard deviation in parentheses. Different letters indicate sig-
nificant differences between means (p<0.05) within each site; first-
generation (F1) and backcross (BC) hybrids. Each hybrid group
comprised five billets per site, and volume represents mean billet
volume (m?)

the assessed traits, log sweep showed relatively low varia-
tion among hybrids within each site, as indicated by its low
coefficient of variation (CV%) in Supplementary Table. E.
pellita had the largest average knot diameter (55.12 mm).
Only end-split percentage differed significantly among
hybrids (p=0.041), suggesting uniform tree form likely due
to the site’s high productivity (McGavin et al. 2021).
Yapilika 28 exhibited more pronounced genotype differ-
ences. Volume, SED and SEHD varied significantly among
hybrids (p<0.002) (Table 2), with ranges of 0.02—0.05 m?,
85.7-152.5 mm, and 71.2—126.5 mm, respectively. Hybrids
involving E. brassiana (BC) generally had the highest
values, while E. pellita X E. brassiana (F1) recorded the
lowest. Heartwood proportion differed slightly (p=0.049),
ranging from 56.2% (E. pellita x E. urophylla (BC)) to
73.9% (E. pellita). Knot diameter also differed significantly
(»p=0.008), with the smallest average in E. pellita x E.
brassiana (F1) (11.6 mm). No significant differences were
observed for log taper, ovality, and sweep among hybrids.
Minor sweep (up to 14 mm) was observed in a few billets,
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contributing to higher variability, but this variation was
not statistically significant (p=0.564 at Kilu Impini 64 and
p=0.319 at Yapilika 28).

Log trait variation across genotype groups and sites
reflected both genetic and environmental influences. At Kilu
Impini 64, hybrids showed relatively uniform log form and
quality, with no significant differences for most traits. This
suggested that the growing conditions at this site, including
soil properties, moisture availability, or microclimate, may
have influenced tree form and contributed to more uniform
development across genotypes (Shi et al. 2024). At Yapilika
28, substantial differences emerged among hybrids in key
traits such as volume, diameters, and heartwood dimensions.
This indicated a stronger expression of genotypic variation,
potentially influenced by more challenging environmental
conditions. This could be due to differences in soil type and
rainfall between the sites, as reported in a related study from
adjacent plots within the same plantations (Hutapea et al.
2024). Interestingly, F1 hybrids, which are often expected
to express hybrid vigour, did not consistently outperform
the pure E. pellita or BCs. For example, E. pellita X E. bras-
siana (F1) recorded the lowest log volumes and diameters at
Yapilika 28. This suggested that the expression of heterosis
in log traits may be trait-specific and influenced by geno-
type combinations and environmental conditions, consistent
with Gwaze et al. (2000), who observed variable growth
and straightness among Eucalyptus hybrids across rainfall
zones, and Luo (2023), who reported that hybrid perfor-
mance and heterosis magnitude vary across single, three-
way, and double crosses.

Similar findings have been reported in studies examining
log traits in Fucalyptus species. For instance, research on
Eucalyptus nitens logs found that environmental conditions
significantly impacted log quality traits, with variations in
volume and diameter affecting the recovery of structural
sawn boards (Blackburn et al. 2011; Balasso et al. 2022).
Additionally, studies on hardwood veneer logs have high-
lighted the importance of site-specific conditions in deter-
mining log quality, with better soil and moisture conditions
leading to higher-quality logs (McGavin et al. 2021; Bar-
rette et al. 2023). Differences in heartwood proportion,
knot characteristics, and log sweep also have implications
for processing (Purnell 1988). Larger diameters and higher
heartwood content in E. pellita may support higher recovery
rates and better durability in solid wood applications, while
smaller knot diameters observed in some hybrids may be
advantageous for appearance-grade products (Cown et al.
2013).
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Table 3 Mean variation in log traits (number of knots, knot diameter, end splits (ES), taper, ovality, and log sweep) among five sawn logs

Hybrid/plantation site No of knot Knot diameter (mm) ES (%) Taper Ovality (mm) Log sweep (mm)
Kilu Impini 64
E. pellita 4.2 55.12 3.9% 0.004* 0.94* 0.0*
(3.5) (19.7) (5.6) (0.001) (0.04) (0.0)
E. pellita x E. brassiana (F1) 3.6* 40.1% 13.1% 0.003* 0.97% 5.0%
2.9 (25.2) (10.0) (0.001) (0.02) (11.2)
E. pellita x E. brassiana (BC) 4.8° 45.7% 17.6* 0.004% 0.98? 0.0?
(3.0) (13.2) (12.3) 0.002)  (0.02) (0.0)
E. pellita x E. urophylla (F1) 6.0 42.4% 2.2° 0.007* 0.94* 3.8%
(3.1 (3.9) (5.0) 0.002)  (0.03) (8.5)
E. pellita x E. urophylla (BC) 6.2% 38.8% 6.7% 0.004* 0.94* 0.0*
(5.6) (23.6) (6.2) 0.002)  (0.03) (0.0)
p value 0.778 0.590 0.041* 0.480 0.149 0.564
F value 0.441 0.717 3.055 0.904 1.906 0.759
Yapilika 28
E. pellita 6.8% 49.4* 33.6 0.003* 0.92% 0.0*
(5.2) (8.8) (38.8) (0.002) (0.81) (0.0)
E. pellita x E. brassiana (F1) 5.0% 11.6° 9.3% 0.002? 0.95% 0.0?
(8.7) (20.1) (8.5) 0.001)  (0.05) (0.0)
E. pellita x E. brassiana (BC) 7.2% 24.9% 12.6* 0.006* 0.95% 14.0*
(8.9) (23.5) 9.5) 0.004)  (0.02) (26.1)
E. pellita x E. urophylla (F1) 4.6 32.4% 8.4% 0.003* 0.96* 0.0°
(4.7) (18.5) (12.4) 0.001)  (0.02) (0.0)
E. pellita x E. urophylla (BC) 7.2% 55.8% 6.2% 0.004* 0.94* 0.0*
(3.3) (8.6) 9.3) (0.002) (0.04) (0.0)
p value 0.945 0.008* 0.251 0.136 0.735 0.319
F value 0.182 4.773 1.475 2.008 0.501 1.269

Standard deviation in parentheses. Different letters indicate significant differences between means (p<0.05) within each site; First-generation

(F1) and backcross (BC) hybrids

Table 4 Summary of sawn (SR), sawn graded (SGR), and dried dressed (DDR) recoveries, and visual grading of sawn boards for genotypes at

Kilu impini 64 and Yapilika 28

Plantation/hybrid DBH (mm) No of boards Sawn board recovery (%) Grade proportion (%)

SR SGR DDR Gl G2 G3 G4
Kilu Impini 64
E. pellita 199 10 45.1 36.0 19.7 23.5 20.9 10.7 45.0
E. pellita x E. brassiana (F1) 156 8 49.2 37.4 20.8 10.0 29.9 11.2 48.9
E. pellita x E. brassiana (BC) 192 11 42.5 21.4 11.8 10.4 29.9 15.7 44.1
E. pellita x E. urophylla (F1) 186 11 40.1 25.8 14.3 0.0 33.1 29.4 37.5
E. pellita x E. urophylla (BC) 197 9 452 29.5 16.1 21.4 30.0 37.0 11.7
Yapilika 28
E. pellita 195 9 43.2 27.8 15.7 15.0 0.0 0.0 85.0
E. pellita x E. brassiana (F1) 114 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
E. pellita x E. brassiana (BC) 187 11 484 22.8 13.7 0.0 10.9 21.0 68.1
E. pellita x E. urophylla (F1) 154 10 50.8 27.1 15.0 0.0 0.0 0.0 100.0
E. pellita x E. urophylla (BC) 191 3 44.7 24.6 14.5 19.7 8.1 8.1 64.1
Bremer
Mature E. pellita 362 25 40.0 35.6 21.1 58.8 6.0 9.9 25.3

3.2 Sawn board recovery (SR), sawn-graded
recovery (SGR), dried-dressed recovery (DDR), and
board quality across genotypes and plantation sites

Sawn board recovery (SR), sawn-graded recovery (SGR),
and dried-dressed recovery (DDR) varied across geno-
types and sites (Table 4). At Kilu Impini 64, E. pellita x

E. brassiana (F1) recorded the highest SR (49.2%), SGR
(37.4%), and DDR (20.8%), reflecting its efficient conver-
sion into usable timber at this site. E. pellita x E. urophylla
(F1) had the lowest SR (40.1%), while E. pellita x E. bras-
siana (BC) recorded the lowest SGR (21.4%) and DDR
(11.8%).
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At Yapilika 28, E. pellita x E. urophylla (F1) achieved the
highest SR (50.8%), while E. pellita had the highest SGR
(27.8%) and DDR (15.7%). E. pellita % E. brassiana (F1)
recorded zero recovery at this site due to small log diam-
eters falling below the sawmill’s operational threshold. This
does not imply hybrid or site unsuitability for sawn timber
but reflects log size limitations at the time of sampling. The
smaller population sizes for F1 groups reduced the pool
of trees available for sampling, increasing the likelihood
of including smaller or less representative logs. While F1
hybrids are often associated with heterosis, in this study, the
BC hybrids demonstrated better recovery performance at
the same age, suggesting that trait expression is influenced
by both genetic background and developmental stage.

Visual grading patterns also reflected genotype and site
effects. At Kilu Impini 64, E. pellita x E. urophylla showed
the widest grade spread, with a notable G3 proportion
(37.0%), while E. pellita and E. pellita x E. brassiana (F1)
displayed more balanced grade distributions. In contrast, at
Yapilika 28, visual grades skewed heavily toward G4, espe-
cially in E. pellita (85.0%) and E. pellita x E. urophylla (F1)
(100%), suggesting more defects or poorer form.

First-generation (F1) and backcross (BC) hybrids; Each
hybrid group was represented by five billets (one per tree)
at Kilu Impini 64 and Yapilika 28, and four billets (one per
tree) from mature E. pellita trees at Bremer site. Statistical
testing was not conducted for recovery and grading traits
because the data were summarised as group means and pro-
portions from five billets per hybrid per site (n=5), which
were insufficient for valid ANOVA comparison.

The mature E. pellita from the Bremer site, despite a
lower SR (40.0%), achieved the highest DDR (21.1%) and
the highest proportion of G1 boards (58.8%). This perfor-
mance is primarily attributed to larger stem diameters and
improved form typical of mature trees, which enhance saw-
ing recovery and grade yield by reducing taper and knot fre-
quency (Hamilton et al. 2015).

Sawn board recovery (SR), sawn-graded recovery (SGR),
dried-dressed recovery (DDR), and visual grade distribu-
tions varied among E. pellita and its hybrids. These differ-
ences were influenced by both genotype and plantation site.
At Kilu Impini 64, E. pellita x E. brassiana (F1) recorded
the highest SR and DDR. This supports previous findings
that F1 hybrids can enhance processing efficiency through
heterosis, that is, improved performance resulting from the
genetic combination of two distinct parent species (Black-
burn et al. 2011; Filipescu et al. 2018). The sawn recoveries
in this study are comparable and slightly higher than the
SR recorded in a 7.5—13-year-old African mahogany planta-
tion (McGavin et al. 2021) and 7 to 23-year-old E. pellita in
Malaysia (Japarudin et al. 2021a). These variations likely
reflect both species and site differences as well as variations
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in log size and processing technology used across studies
(Chauhan 2025). Conversely, the observed result is lower
than the lumber yield recorded in 21-year-old Eucalyptus
regnans (Rozas et al. 2023), likely reflecting differences in
log diameter as larger diameters generally yield higher sawn
recoveries.

E. pellita and hybrids not only show moderate recovery
rates but also produce a wide range of visual grades. Moder-
ate grades were recorded, with most recoveries grouped as
G4, followed by G3 and G2. This indicated limited potential
for high-quality output from young E. pellita and hybrids,
such as the mature E. pellita from the Bremer site, which
achieved higher-grade recoveries due to their greater size
and form quality. Additionally, mature E. pellita trees from
Bremer produced the highest G1 proportions (58.8%), rein-
forcing the known advantages of mature wood in quality and
form (Japarudin et al. 2021a; Balasso et al. 2022). The find-
ings underscore the importance of considering both volume
and quality traits in the selection of superior genotypes for
solid wood production. While F1s may offer high recovery
potential, this advantage can be limited by site constraints or
poor silvicultural management (Gao et al. 2024). The con-
trast between sites highlights the need for integrated geno-
type x environment x management (G x E x M) approaches
(Ibarra et al. 2023). Incorporating recovery and grade per-
formance into breeding indices alongside traditional growth
traits will improve the identification and deployment of elite
material. A multi-trait, site-specific strategy would be essen-
tial to optimise genetic gain, wood quality, and processing
efficiency in tropical Eucalyptus plantations.

Following the grading outcomes, the types and frequen-
cies of defects contributing to board downgrading were
examined across the plantation sites. Key defects such as
bow, cup, splits, checks, shakes, wane, knots, and decay
were identified and compared across hybrids at Kilu Impini
64 (Fig. 3) and Yapilika 28 (Fig. 4), as well as the mature
E. pellita (Fig. 5). Defect frequencies were summarised as
proportions of affected boards. Statistical testing was not
performed due to the small sample size. This comparison
provides deeper insights into wood quality variations and
their impact on recovery performance. At Kilu Impini 64,
knots were the most frequent defect, ranging from 38.6%
to 53.9%, reflecting the high branching tendency of fast-
growing hybrids without pruning (Fig. 3). Bow occurred in
all hybrids, with values between 11.9% and 23.8%, highest
in E. pellita x E. brassiana (F1). Total splits ranged from
11.2% to 26.2%, with higher values observed in backcross
hybrids, suggesting that hybrid vigour may be linked to
increased drying-related stress. Shake and check were mod-
erate (up to 12.5% and 4.2-6.4%, respectively), while wane
was largely absent, and no decay was observed, indicating
good log soundness and conversion practices.
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Fig.3 Sawn board defects observed
in E. pellita and hybrids, including 60
first-generation (F1) and backcross

(BC), at Kilu Impini 64 (Defect Q 50
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At Yapilika 28, knots remained the most common defect
(41.5-55.0%) (Fig. 4). Splits were more prevalent than at
Kilu Impini 64, exceeding 30% in E. pellita < E. brassi-
ana (F1) and E. pellita x E. urophylla (F1), highlighting a
stronger site effect. In contrast, bow was less pronounced
(7.7-13.0%), suggesting better dimensional stability. Check
and shake occurred at moderate levels, with E. pellita x E.
brassiana (BC) recording the lowest check (3.6%) and E.

split

Defects

pellita x E. urophylla (F1) the lowest shake (3.1%). Wane
and decay were absent.

The mature E. pellita trees (Fig. 5) displayed a distinct
defect profile. Bow was highest (40.2%), likely due to inter-
nal stresses in older wood, and total splits were also rela-
tively high (25.5%). In contrast, knot frequency was lower
(25.1%) compared to the hybrids, likely due to self-pruning
and slower growth. Other defects, such as check (3.1%) and
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shake (3.6%), were minimal, and twists occurred in only
0.4% of boards. No wane or decay was observed.

The observed defect patterns align with previous stud-
ies on defects of sawn boards, including splits, knots, bows,
shakes, and checks (Cown et al. 2013; McGavin and Leg-
gate 2019; Japarudin et al. 2021a; Balasso et al. 2022). Bal-
asso et al. (2022) reported high knot frequency and internal
checking in 21-year-old E. nitens logs, particularly under
minimal pruning regimes and rapid growth conditions, sim-
ilar to the trends at Kilu Impini 64 and Yapilika 28. Hii et
al. (2017) also recorded a high incidence of knots and end
splits in 9-year-old E. pellita, consistent with the observa-
tions in this study. The high split frequency at Yapilika 28
with moderate productivity reinforces the impact of envi-
ronmental conditions on sawn wood quality. These results
highlight the combined effects of genetic background and
site-specific factors on defect formation and overall timber
grade outcomes (Kombi Kaviriri et al. 2021). The higher
knot and split frequencies observed in hybrids, though asso-
ciated with fast growth, pose challenges for structural appli-
cations and reduce recovery potential. The findings provide
insights into how these defect trends vary by genotype and
site, offering a basis for breeding programs to better bal-
ance growth traits with wood quality. Moreover, site-spe-
cific management, such as targeted pruning and optimised
drying protocols, could mitigate the impact of defects and
improve product yield. For example, the high knot fre-
quency observed in unpruned hybrids highlights the need
for early and consistent pruning to reduce branch-related
defects. Similarly, the elevated split rates at Yapilika 28 sug-
gested that adjustments to drying schedules, such as slower
initial drying or pre-conditioning, may help reduce drying
stress and end-splits, consistent with observations on drying

Table 5 Correlation and significance between log traits and sawn (SR),
sawn graded (SGR), and dried dressed (DDR) recoveries

SR (%) SGR (%) DDR (%)
SR 1
SGR 0.80* 1
DDR 0.80%* 0.99%* 1
Number of knots 0.08 0.05 0.04
Knot diameter 0.39% 0.33* 0.33*
Log-sweep 0.22 0.02 0.05
ES 0.01 -0.07 -0.03
SED 0.56* 0.54* 0.53*
SEHD 0.61%* 0.57* 0.57*
Volume 0.53* 0.52* 0.51*
Taper 0.24 0.13 0.17
Ovality -0.03 0.03 0.00
HP 0.31* 0.24 0.24
DBH 0.58* 0.57* 0.57*

SED small-end diameter, SEHD, small-heartwood diameter, HP
heartwood proportion, £S end splits, DBH diameter at breast height

*p<0.05
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behaviour and defect control in timber reported by Ramage
et al. (2017).

To examine how log and stem traits influenced process-
ing efficiency, correlation analysis was performed between
recovery metrics and key characteristics (Table 5). Strong
positive correlations were observed among SR, SGR, and
DDR (r=0.80-0.99), indicating consistent performance
across recovery stages. Log dimensions, particularly SED,
SEHD, volume, and DBH, showed moderate to strong cor-
relations with all recovery metrics (#=0.52—-0.61). This
highlighted their importance in predicting yield.

Knot diameter was moderately correlated with SR,
SGR, and DDR (»~0.33-0.39), while the number of knots
showed no significant correlation. Although knots are
known to influence grade recovery, their weak correlations
with recovery outcomes likely reflect limited variation in
defect severity across logs, as most billets were of compa-
rable quality. Sweep and ovality also showed weak asso-
ciations with recovery, indicating that dimensional factors,
rather than form defects, dominated the overall conversion
efficiency. Heartwood proportion had a modest correla-
tion with SR (»=0.31), suggesting only a minor influence
of internal wood characteristics on yield. Overall, recovery
was primarily influenced by log size, with diameter traits
being the strongest predictors.

3.3 Rotary peeling and veneer recovery of E. pellita
and hybrids

Table 6 presents veneer billet characteristics from four
hybrids at Kilu Impini 64, one from Yapilika 28, and a mature
E. pellita log from Bremer site (included for comparison).
Hybrid billet volumes ranged from 0.05 to 0.06 m?, while
the mature E. pellita was larger (0.13 m?). SED were rela-
tively uniform among hybrids (186—201 mm), with similar
trends in heartwood diameters. The Bremer billet had the
largest average SEHD (287 mm), reflecting its maturity.
Heartwood proportion (HP) across the sampled logs
ranged from 65.2% to 75.2%. Knot presence varied among
the sampled hybrid logs (7-15 knots; 43.0-59.1 mm diam-
eter), while no knots were observed in the mature log. End
splits were minimal in logs sampled from Kilu Impini 64
(0.0-4.72%), higher in the log from Yapilika 28 (19.44%),
and moderate in the mature log (5.33%). All sampled logs
exhibited low taper and ovality, indicating favourable
log form for rotary peeling. Given that only one log was
assessed per family, these observations reflect individual-
log characteristics rather than family-level differences.
Veneer recovery, assessed at green (GR), dry (DR), and
net (NR) stages, varied among the sampled logs from the
two plantation sites and the mature E. pellita (Table 7). Log
sampled from Kilu Impini 64 showed generally high veneer
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Table 6 Log traits of E. pellita and hybrid trees selected for veneer peeling

E. pellita E. pellita x E. uro-  E. pellita X E. E. pellita x E. bras- E. pellita x E. Mature E.
phylla (F1) urophylla (BC) siana (BC) urophylla (BC) pellita
K164 K164 K164 K164 YP28 BREMER
Volume (m?) 0.06 0.05 0.06 0.06 0.05 0.13
SED (mm) 200 186 197 201 187 324
SEHD (mm) 165 139 164 166 154 287
HP (%) 71.4 66.9 71.5 75.2 65.2 76.3
No of knots 14 15 7 8 6 0
Knot 55.0 43.0 57.2 59.1 50.3 0.0
diameter (mm)
ES (%) 29 4.72 0.83 0.00 19.44 5.33
Taper 0.00 0.00 0.00 0.00 0.01 0.01
Ovality 0.95 0.99 0.94 0.92 0.94 0.96

Values represent one billet per tree per hybrid, shown as means for descriptive comparison and rounded to appropriate precision. K164 — Kilu
Impini 64; YP28 — Yapilika 28; SED: small-end diameter; SEHD: small-end heartwood diameter; HP: heartwood proportion; ES: end splits;
first-generation (F1) and backcross (BC)

Table7 Green (GR), dry (DR), net (NR) recoveries and veneer grades from E. pellita and hybrids at Kilu impini 64 (K164) and Yapilika 28 (YP28)

Hybrid Site DBH (mm) Veneer recovery (%) Veneer grade proportion (%)
GR DR NR A S B C D Rejects
E. pellita Kl64 200.0 76.0 65.3 55.5 0.0 0.0 0.0 0.0 46.6 53.4
E. pellita x E. urophylla (F1) K164 190.0 80.1 74.7 63.5 0.0 0.0 0.0 0.0 100.0 0.0
E. pellita x E. urophylla (BC) K164 200.0 82.2 78.3 66.6 0.0 0.0 0.0 0.0 73.4 26.6
E. pellita x E. brassiana (BC) Kl64 190.0 83.6 83.1 70.7 0.0 0.0 0.0 0.0 77.5 22.5
E. pellita x E. urophylla (BC) YP28 180.0 53.5 43.5 37.0 0.0 0.0 0.0 0.0 0.0 100.0
Mature E. pellita tree Bremer 360.0 79.3 64.4 54.8 67.1 18.2 0.0 8.9 0.0 5.8

Each value represents one billet (one tree) per hybrid used for veneer peeling; K164 - Kilu Impini 64; YP28 - Yapilika 28; DBH - Diameter at

breast height; First-generation (F1) and backcross (BC) hybrids

recovery across all stages, with GR ranging up to 83.6%,
DR up to 83.1%, and NR up to 70.7%. Net recovery among
the sampled logs at this site ranged from 55.5% to 70.7%.
Overall recovery values obtained in this study exceed those
reported in previous studies, for example, net recoveries of
41.1% for E. pellita and 40.0% for E. camaldulensis (Bel-
leville et al. 2018), and 54.5% green recovery for E. glo-
boidea (Guo and Altaner 2018). Similarly, the lower total
recovery of 65.8% reported for E. urophylla % E. grandis
(Peng et al. 2014) contrasts with the higher green recovery
observed in this study’s hybrids, reflecting differences in
plantation conditions, log size, and resource characteristics.

Despite the high recoveries observed, all veneer sheets
produced from logs sampled at Kilu Impini 64 hybrids were
classified as D-grade. This aligns with previous studies on
Eucalyptus and other plantation-grown hardwood species,
such as African mahogany and rubberwood, where veneer
sheets were similarly limited to D-grade. This is largely
due to juvenile wood properties, growth stresses, defects,
and processing outcomes common to fast-grown plantation
hardwoods (Valencia et al. 2011; Peng et al. 2014; Khoo et
al. 2018; McGavin et al. 2021). Variation in rejection rates
was observed among sampled logs. For example, E. pellita
x E. urophylla (F1) yielded 100% D-grade with no rejects,
while E. pellita had only 46.6% D-grade and a rejection

rate of 53.4%, indicating greater susceptibility to grading
defects. At Yapilika 28, veneer recovery from the sampled
E. pellita x E. urophylla (BC) showed the lowest recovery
at all stages (GR: 53.5%, DR: 43.5%, NR: 37.0%) and was
fully rejected. The higher rejection rate corresponded with
frequent end splits, suggesting that factors, such as growth
stress, may have adversely affected veneer quality and pro-
cessing performance (Japarudin et al. 2021a).

In contrast, the mature E. pellita tree from Bremer showed
moderate net recovery (54.8%) but produced a higher pro-
portion of appearance-grade veneer (67.1% A-grade and
18.2% S-grade), with a low rejection rate (5.8%). This out-
come is consistent with its larger diameter and absence of
knots, which reduce veneer curvature and defect frequency,
resulting in more uniform veneer thickness, fewer grade-
limiting defects, and improved veneer grading performance
(Japarudin et al. 2021a). These observations illustrate the
trade-off between veneer yield and product quality in plan-
tation hardwood processing and highlight the importance
of aligning resource characteristics with intended end-use
requirements.

To explore factors influencing veneer grade alloca-
tion, key downgrading defects were examined in the sam-
pled material (Fig. 6). As only one billet per hybrid per
site was analysed, the results are presented as descriptive
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observations rather than comparative assessments. The
most frequently observed defects included splits, knots,
stains, and decay. Splits were commonly associated with
logs exhibiting pronounced growth stress during peeling,
consistent with the presence of tension wood in fast-grown
eucalypts (Leggate et al. 2017). Knot-related defects were
associated with branch inclusions, reflecting limited self-
pruning and reduced visual quality (Ramage et al. 2017).
Stain was more frequent in the mature E. pellita (70%) than
in E. pellita x E. urophylla (BC) at Yapilika 28 (10%). Stain
and occasional decay were also observed in some samples,
likely influenced by extractive content, microbial activity,
or storage conditions. Even at low incidence, these defects
substantially affect veneer grading by reducing strength,
durability, and appearance quality (Leggate et al. 2017;
Ramage et al. 2017).

The defects observed in this study align with previous
findings. Belleville et al. (2020) reported knots, splits, dis-
coloration, and decay as common downgrading defects in
plantation-grown rubberwood. Similarly, knots and splits
were major defects in E. urophylla x E. grandis (Peng et
al. 2014). Guo and Altaner (2018) noted severe splitting
in E. globoidea veneer. In this study, variability in defect
occurrence was observed among sampled hybrid logs across
sites. As these results are based on descriptive observations
from limited number of samples, they indicate potential

influences of log form and site-related factors on veneer
quality.

To explore factors affecting recovery, correlations were
assessed between recovery metrics and log traits (Table 8).
Green (GR), dry (DR), and net (NR) recoveries were
strongly correlated (»>0.98), showing consistency across
processing. Veneer recoveries showed positive but non-sig-
nificant associations with DBH (»=0.71-0.76), heartwood
proportion (HP, »=0.73-0.74), small-end diameter (SED,
r=0.53). Although these relationships were not statistically
significant, the observed trends align with previous reports
that logs with larger diameters and more uniform geom-
etry tend to improve recovery and reduce rounding losses
(McGavin and Leggate 2019; Tyron et al. 2020). Taper
showed a strong negative correlation with recovery (r =
—0.92 to —0.93), indicating that highly tapered logs reduce
veneer yield due to unstable rotation and greater losses
(Peng et al. 2014; Hamilton et al. 2015). End-split (ES)
showed a very strong negative correlation with recovery (r
=—0.94 to —0.98), as splits can interrupt continuous peel-
ing and cause sheet breakage (Lutz 1971; Peng et al. 2014,
Guo and Altaner 2018). Knot traits (number and diameter),
and ovality showed weak, non-significant correlations with
recovery (#<0.37). These findings highlight observed varia-
tion in log geometry among hybrids.
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Fig.6 Downgrading defects observed in veneer sheets recovered from E. pellita and its hybrids, including first-generation (F1) and backcross (BC)

types, at Kilu Impini 64 (K164) and Yapilika 28 (YP28)
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Table 8 Pearson correlation coefficients between veneer green (GR),
dry (DR), and net (NR) recovery and log traits

GR DR NR
GR 1
DR 0.98%* 1
NR 0.98%* 1* 1
Number of knots 0.37 0.23 0.23
Knot diameter 0.28 0.32 0.32
ES —0.98* —0.94* —0.94*
SED 0.55 0.53 0.53
SEHD 0.19 0.19 0.19
Volume 0.11 0.07 0.07
Taper —0.92% —0.93* -0.93*
Ovality 0.15 0.07 0.07
HP 0.73 0.74 0.74
DBH 0.76 0.71 0.71

Pearson correlation coefficients (r) were calculated using data from
six billets (7=06)

SED small-end diameter, SEHD small-end heartwood diameter, HP
heartwood proportion, ES end splits, DBH diameter at breast height
*»<0.05

Table 9 Density, modulus of elasticity (MOE) and modulus of rupture
(MOR) of laminated veneer lumber (LVL) produced from E. pellita
and hybrids

LVL combination  Density (kg/m*) MOE (GPa) MOR (MPa)
Layup 1 703 (31.77) 14.4 (0.40) 122 (8.43)
Layup 2 788 (2.90) 15.8 (2.41) 124 (22.87)
Layup 3 791 (18.45) 18.8 (2.35) 139 (8.83)
Layup 4 815 (14.44) 14.9 (5.18) 123 (33.68)
Layup 5 774 (33.23) 16.3 (2.54) 132 (12.48)
Layup 6 732 (50.34) 15.4 (4.37) 127 (23.85)
Layup 7 736 (24.69) 14.5 (0.65) 127 (5.62)
Layup 8 756 (13.59) 16.6 (1.06) 138 (11.80)

One LVL panel was manufactured per layup. Values are means (stan-
dard deviation in parentheses) of specimens cut from the same panel;
results are descriptive only

3.4 Properties of laminated veneer lumber (LVL)
from E. pellita and hybrid veneers

After veneer recovery and grading, LVL panels were fabri-
cated, each representing a different layup combination, using
hybrid veneers in the core and mature E. pellita veneers for
the face and back layers. From these panels, test samples
were machined and evaluated for density, MOE, and MOR.
Although mean differences were observed among layups,
only one LVL panel was produced per layup type; there-
fore, the results are descriptive and not statistically compa-
rable between hybrids. Mean values of density, MOE, and
MOR are presented in Table 9. Density values across the
LVL panels ranged from 703 to 815 kg/m?, reflecting varia-
tion among the tested layup configurations, including panels
with mixed and full hybrid cores.

MOE values across the tested LVL panels ranged from
14.4 GPa to 18.8 GPa and modulus of rupture (MOR)
ranged from 122 to 139 MPa across the tested LVL panels.
Variation in mechanical performance was observed among
layups incorporating different veneer arrangements; how-
ever, given the limited replication, these differences are
interpreted as descriptive panel-level.

Density varied among the tested LVL panels, while
MOE and MOR values were generally comparable across
the different layup configurations. Overall, the results dem-
onstrate that LVL panels incorporating hybrid veneers can
achieve stiffness and strength values suitable for structural
applications.

The mechanical properties observed in this study are
consistent with those reported for Eucalyptus-based LVL.
Aydm et al. (2004) reported MOE values up to 9411 MPa
and MOR values up to 94 MPa for Eucalyptus camaldu-
lensis from the Tarsus-Karabucak Region, Turkey, which
were lower than those observed in this study. Although tree
age was not specified, the species was selected for its rapid
diameter growth (Aydin et al. 2004). Similarly, Bal (2016)
recorded MOE values of up to 10,554 MPa and MOR val-
ues of around 100 MPa for LVL from E. grandis, depend-
ing on the adhesive and pressing conditions used. Although
Martins and Dias (2025) recorded higher MOE (up to
22,000 MPa) in E. globulus, MOR values were lower than
those observed in the present study. The MOE and MOR
ranges obtained here fall within the spectrum reported for
structural Fucalyptus LVL, indicating competitive mechani-
cal performance of the tested panels.

McGavin et al. (2019) reported that veneer layup compo-
sition significantly affects LVL strength, particularly when
core and outer layers differ in wood type. In this study,
layups with multiple hybrid core layers showed comparable
mechanical performance to those with single hybrid layers.
Compared to LVL from other hardwoods, the strength val-
ues in this study exceeded those reported for Hevea logs
(MOE: 11,189 MPa; MOR: 91.05 MPa) using flatwise test-
ing (Khoo et al. 2021). The mechanical property ranges
observed here are consistent with values reported for LVL
manufactured from plantation-grown hardwoods. Collec-
tively, these results indicate that the hybrid veneer combi-
nations tested are technically suitable for LVL manufacture
and have potential for use in structurally engineered wood
products.

Bond quality testing was conducted to evaluate the adhe-
sive performance of LVL panels manufactured using hybrid
veneer combinations (Fig. 7). Bond quality scores were
consistently high across all tested panels, with mean values
ranging from 9.8 to 10.0 on a 1-10 scale. All panels were
bonded using phenol formaldehyde (PF) Type A adhesive.
and no significant differences were observed among the
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Layups. The consistently high bond quality scores indicate
effective glue line integrity and adequate adhesive penetra-
tion, likely supported by proper veneer surface preparation
and moisture conditioning before lamination.

These results align with previous findings that reported
excellent bond performance in hardwood-based LVL
bonded with phenol-formaldehyde adhesives (Khoo et al.
2019, 2020). In contrast, Guo and Altaner (2018) reported
poor bonding quality in E. globoidea LVL, which was asso-
ciated with its high density and bonding difficulty. Similarly,
Darmawan et al. (2015) found that lathe check characteris-
tics negatively affected glue bond quality in Paraserianthes
moluccana. The findings confirm that the hybrid veneer
combinations in this study are compatible with PF adhe-
sives and meet Type A bond quality standards under AS/
NZS 2098.2. This supports their suitability for structural
LVL use.

3.5 Genetic correlation between single nucleotide
polymorphisms (SNPs) and selected log traits
influencing sawing and peeling recoveries

A genetic analysis was conducted using a final set of approx-
imately 3,000 high-quality SNPs (filtered from an initial
dataset of ~5500 SNPs provided by Gondwana Genomics
for E. pellita) to assess associations with small-end diam-
eter (SED), heartwood proportion (HP), knot diameter,
and end split, traits that influenced log form, wood quality
and processing performance. Figure 8 presents Manhattan
and Q—Q plots based on the Blink model in GAPIT. Asso-
ciations were generally moderate, with most SNPs falling
below the suggestive significance threshold (—logio(p)=5).
For SED, p-value distributions were uniform, suggest-
ing polygenic control or limited power due to the small
population size (n=50). In contrast, significant SNPs were
detected for HP, knot diameter, and end split, showing ele-
vated—logio(p) values and Q—-Q plot deflections, indicating

Fig. 7 Bond quality scale recorded
across laminated veneer lumber
(LVL) combinations
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potential associations. These may reflect true biological
effects or linkage to causative loci not directly captured
by the genotyped SNPs. The Q—Q plots showed that most
points aligned closely with the expected diagonal (x=Yy),
suggesting that the model adequately controlled for popula-
tion structure and relatedness.

Three top SNPs (p<0.001) were identified and are
detailed in Table 10. For SNP1358 associated with end
split, the allele showed a positive effect (+50.87), indicat-
ing an association with increased splitting, an undesirable
trait. In contrast, the allele at SNP4964 showed a negative
effect (—34.73), suggesting an association with reduced end
splitting. For heartwood proportion, the allele at SNP2187
showed a significant negative effect (—10.55), indicating
reduced heartwood content, whereas the allele at SNP3547
exhibited a smaller positive effect (+8.59), suggesting a
potential association with increased heartwood proportion
despite lower statistical significance. For knot diameter,
the allele at SNP3201 was associated with a negative effect
(—8.86), consistent with a reduction in knot size. For diame-
ter traits, the allele at SNP13 showed a negative association
with small-end diameter (SED; —26.36), while SNP3055
also exhibited a negative effect on SED (—38.17), both of
which are generally unfavourable for productivity. In con-
trast, the allele at SNP4505 showed a positive association
with SED (+39.62), indicating a potential contribution to
increased stem diameter. While these SNP-trait associa-
tions are statistically significant, their relevance for breed-
ing depends on breeding objectives and trait priorities.

The current study utilised an SNP panel of approximately
5500 markers in a relatively small population size (n=55)
and identified significant associations for traits such as end
split, heartwood proportion, and knot diameter. However,
the limited population size may have constrained the detec-
tion of associations of more SNPs, especially in traits like
small end diameter (SED). This observation aligns with
findings from Miiller et al. (2017), who reported that in

9.9 10 9.8 9.9 9.9 10

Layup1 Layup 2 Layup 3 Layup4 Layup 5 Layup 6 Layup7 Layup38

@ Springer

LVL samples



European Journal of Wood and Wood Products (2026) 84:25

Page 17 0f 22 25

Small end diameter (SED)

- 3
. e
- s
- 1 % o = [5=-3
s g 7
5 2 " ‘
2 £
i, g —_
Q
&
T T T T T T T T
] 0o 05 10 15 20 25 30 35
Chromosome e
1
Heartwood proportion (HP)
1 [ £ Lo o
p—
B 3 7]
i 2 w
= g
= = ]
I ™ L] -§
1 . 2
; o
Clll'omosome 00 05 10 15 20 25 30 35
Expected —logyelp)
Knot diameter
. . @ o )
] a w
_— = 4
S . g 71 2
= ‘ * T °
-y e = = - I
e o §
° e
= & 08 1, oo & ° s, g "
f g 5 e ﬂ%" 2B %o o -
b & @ ol o -
CI] ) " 00 05 10 15 20 25 30 35
romosome Expected ~loglp)
End split
a ° o r
T
oF 3 o
= &
— 2 {
tnm ! ° :
0 - | ¥
2 2
F=
(=]

Chromosome

Fig. 8 Manhattan and Q—Q plots showing single nucleotide polymor-
phisms (SNPs)-trait associations for log traits in Eucalyptus pellita
hybrids using the Blink model. The Manhattan plot displays SNPs
mapped to Chromosome 1, reflecting the genomic scope of the tar-

breeding populations of Eucalyptus benthamii (505 indi-
viduals) and E. pellita (732 individuals), GWAS identi-
fied only a few significant associations, whereas genomic
prediction methods captured a larger proportion of herita-
ble variation for growth traits. Similarly, Valenzuela et al.

0o 05 1.0 15 20 25 30 35
Expected -logye(p)

geted SNP panel used in this study. In the Q—Q plot, the red line rep-
resents the expected distribution of p values under the null hypothesis,
indicating no marker—trait association

(2021) conducted a GWAS on Eucalyptus cladocalyx (480
individuals) under arid conditions and found 87 SNPs and
3 haplotype blocks significantly associated with growth and
wood quality traits, including 11 loci with pleiotropic effects
on wood hardness, height, and diameter. These studies
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Table 10 Identified single nucleotide polymorphisms (SNPs) associated with end split (ES), Heartwood proportion (HP), knot diameter, small-end
diameter (SED), and the annotated gene information. All SNPs are located on chromosome 1

Marker name Traits Alleles Pos P value MAF Allelic effect Nearest gene
SNP1358 End split A/G 1358 0.000%* 0.045 50.867 EucgrA00211
SNP66 T/A 66 0.000%* 0.091 22.785

SNP4964 A/T 4964 0.001* 0.076 —34.726

SNP2187 HP T/A 2187 0.000%* 0.283 —10.549

SNP3547 G/A 3547 0.000%** 0.321 8.591

SNP3544 C/T 3544 0.001* 0.123 —8.574

SNP3201 Knot diameter T/C 3201 0.000%* 0.228 —8.863

SNP991 A/G 991 0.000%* 0.370 —5.069

SNP4093 T/C 4093 0.000%* 0.402 5.410

SNP3055 SED C/T 3055 0.000%* 0.151 —38.175

SNP672 T/G 672 0.000** 0.179 —27.566

SNP13 T/A 13 0.001* 0.236 —26.356

**p<0.001, *p<0.01, Pos: SNP position in the population structure; MAF: minor allele frequency; Allelic effects represent changes in the
original units of each trait (e.g., mm for SED and knot diameter, % for HP and ES) for each allelic effect estimated by the BLINK model in

GAPIT

underscore the importance of larger population sizes and
higher marker densities to uncover the genetic architecture
of complex traits in Eucalyptus. Rocha et al. (2022) per-
formed single- and multi-trait GWAS in an open-pollinated
E. grandis population (1772 trees) and identified numerous
QTLs associated with growth and wood traits. Their find-
ings highlight the potential of multi-trait GWAS approaches
to detect pleiotropic loci that may be missed in single-trait
analysis. These studies support the relevance of our find-
ings and place them within the broader context of genetic
research on E. pellita wood traits. Although based on a lim-
ited sample size, this study contributes to existing knowl-
edge and highlights the need for larger, replicated datasets
to improve the detection power and reliability of genetic
associations in E. pellita and its hybrids.

All SNPs significantly associated with log traits (SED,
HP, knot diameter, and end splits), were located within the
same intergenic region upstream of Eucgr.A00211 on Chro-
mosome 1 (Table 10), which encodes a lipase-containing
protein related to the CGI-141 family. Although the function
of this gene in Eucalyptus remains uncharacterised, lipase-
like proteins are generally involved in lipid metabolism,
membrane remodelling, and stress-related signalling path-
ways. The variants identified in this region were annotated
with MODIFIER impact, suggesting they do not alter the
protein sequence but may influence gene expression. Lipid-
mediated processes play important roles in cambial activity,
xylem development, and heartwood formation, all of which
contribute to variation in stem form and wood structure
(Herrera-Ramirez et al. 2021; Xie et al. 2021). The clus-
tering of significant SNPs within a single genomic region
was not unexpected, given the small population size, which
may have restricted the detection of additional loci. These
findings provide preliminary evidence that Fucgr.A00211
may play a regulatory role in wood formation and quality

@ Springer

traits and represents a promising candidate for further inves-
tigation and for marker-assisted selection in E. pellita
improvement.

While the sample size in this study is limited, previous
research has shown that meaningful SNP-trait associa-
tions can be identified in forest trees using similarly sized
populations. For example, Gonzalez-Martinez et al. (2007)
detected significant associations between SNPs and wood
property traits in loblolly pine using a candidate gene
approach. Likewise, Zhou et al. (2022) identified genetic
loci for growth and wood traits in Picea crassifolia despite
working with a moderate sample size. These studies high-
light the potential of well-designed association analyses
with accurate phenotyping to yield valid results, even under
sample size constraints. Based on the reviewed literature,
this study is the first to explore SNP-trait correlations for
operational log traits directly influencing sawing and peel-
ing recoveries in Eucalyptus hybrids. Large-scale pheno-
typing of such traits remains challenging due to destructive
sampling and intensive measurement requirements. Never-
theless, despite the smaller sample size, the findings pre-
sented here provide novel insights into the genetic basis of
log quality traits relevant to Eucalyptus breeding. While the
results are promising, limited statistical power may affect
generalisability. Future studies with larger and more diverse
populations, supported by advanced non-destructive phe-
notyping methods for log traits, will be crucial to validate
these associations and enable their application in breeding
programs.

In addition to sample size constraints, the genomic scope
of the present SNP-based association analysis was limited
to markers mapped to Chromosome 1, reflecting the design
of the targeted SNP panel used. As a result, loci influenc-
ing log traits that reside on other chromosomes could not
be detected, and additional genetic variation contributing
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to these traits may exist elsewhere in the genome. Future
studies incorporating genome-wide marker coverage will
be important to validate the associations identified in this
study and to capture the full genetic architecture underlying
operational log traits in Eucalyptus.

4 Conclusion

This study provides new insights into the genetic and pro-
cessing performance of Eucalyptus pellita hybrids grown
in dry tropical plantations, demonstrating their potential for
sustainable structural timber production. By evaluating log
traits, recovery and product performance, the study high-
lights how genetic and site factors influence the utilisation
potential of plantation-grown hardwoods. Hybrids gener-
ally outperformed pure E. pellita in log form and recov-
ery, particularly at the more productive site, reflecting the
combined effects of genetic improvement and environmen-
tal adaptability. Several hybrids showed reduced severity,
contributing to improved product outcomes and suitability
for higher-grade applications. The LVL panels fabricated
from hybrid veneers showed consistent mechanical and
bond performance, confirming their structural suitability.
Preliminary SNP—trait associations for heartwood propor-
tion, knot diameter, and end split provide a starting point for
integrating molecular tools into breeding programs aimed
at improving wood quality and processing efficiency. These
findings demonstrate that E. pellita hybrids can support the
diversification of tropical plantation forestry by enabling
the production of higher-value engineered wood products.
The study underscores the untapped potential of dry tropical
regions for sustainable timber production and offers a scal-
able model for improving wood quality through genetic and
silvicultural strategies.
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supplementary material available at https://doi.org/10.1007/s00107-0
25-02376-z.

Acknowledgements The authors would like to sincerely thank all
project partners for their contributions. We thank the Tiwi Planta-
tions Corporation (TPC), Midway, Gondwana Genomics, Forest and
Wood Products Australia (FWPA), Plantation Management Partners,
the Northern Territory Government, and the Tiwi Land Council for
their partnership. Special thanks to Radial Timber for facilitating the
veneer peeling process and to Matthew Ting at the Hexion facility for
his assistance with gluing and bonding the veneers during LVL fabri-
cation.

Author contributions O.E.F. was responsible for conceptualisation,
methodology, software, formal analysis, investigation, data curation,
visualisation, original draft preparation, and project administration.
B.B. contributed to conceptualisation, methodology, validation, super-
vision, project administration, review and editing, and funding acqui-
sition. B.O. contributed to conceptualisation, validation, supervision,

resources, review and editing, project administration, and funding
acquisition. G.B. was involved in conceptualisation, validation, su-
pervision, resources, review and editing, project administration, and
funding acquisition. A.S. contributed to conceptualisation, validation,
supervision, review and editing, project administration, and funding
acquisition. J.F., U.L., and B.T. contributed to data curation.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. This research was funded by the Cooperative
Research Centre for Developing Northern Australia (CRCNA) through
the Australian Government CRC initiative, grant number: CN-00297,
project number AT.4.2021001.

Data availability Dataset available on request from the authors.

Declarations
Conflict of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

AS (2016) Australian Standard. Timber-Hardwood-Sawn and Milled
Products. Part 2:Grade Description-AS 2796.2:2006

AS (2017) AS 2082:2007: Timber-Hardwood-Visually Stress-Graded
for Structural Purposes. Australian Standard

AS/NZS (2012) Australian/New Zealand Standard. Plywood-Struc-
tural AS/NZS 2269.0:2012

AS/NZS (2016a) Adhesive for Timber and Timber Products. Part 1:
Adhesives for Manufacture of Plywood and Laminated Veneer
Lumber (LVL) - AS/NZS 2754

AS/NZS (2016b) Methods of test for veneer and plywood. Method 7:
Density of veneer and plywood - AS/NZS 2098.7.2006

AS/NZS (2016c) Structural laminated veneer Lumber-AZ/NZS
4357.0:2005. Australian/New Zealand Standard

Aydin I, Colak S, Colakoglu G, Salih E (2004) A comparative study
on some physical and mechanical properties of laminated veneer
lumber (LVL) produced from Beech (Fagus orientalis Lipsky)
and Eucalyptus (Eucalyptus camaldulensis Dehn.) veneers. Holz
Roh Werkst 62:218-220. https://doi.org/10.1007/s00107-004-04
64-3

Bal BC (2016) Some technological properties of laminated veneer
lumber produced with fast-growing Poplar and Eucalyptus. Bekir
Cihad Bal. Maderas. Cienc Tecnol 18:413—424. https://doi.org/10
4067/S0718-221X2016005000037

Balasso M, Hunt M, Jacobs A, O’Reilly-Wapstra J (2021) Charac-
terisation of wood quality of Eucalyptus nitens plantations and
predictive models of density and stiffness with site and tree char-
acteristics. For Ecol Manag 491:118992. https://doi.org/10.1016/
j.foreco.2021.118992

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00107-004-0464-3
https://doi.org/10.1007/s00107-004-0464-3
https://doi.org/10.4067/S0718-221X2016005000037
https://doi.org/10.4067/S0718-221X2016005000037
https://doi.org/10.1016/j.foreco.2021.118992
https://doi.org/10.1016/j.foreco.2021.118992
https://doi.org/10.1007/s00107-025-02376-z
https://doi.org/10.1007/s00107-025-02376-z

25 Page 20 of 22

European Journal of Wood and Wood Products (2026) 84:25

Balasso M, Hunt M, Jacobs A, O’Reilly-Wapstra J (2022) Quality traits
of plantation Eucalyptus nitens logs impacting volume and value
recovery of structural sawn boards. Eur J Wood Prod 80:657-668.
https://doi.org/10.1007/s00107-022-01790-x

Baifio V, Pérez-Gomar C, Godoy D, Moya L (2025) Structural yield
of fast-growing hardwood vs. softwood glulam beams. Forests
16(1):8

Barrette J, Achim A, Auty D (2023) Impact of intensive forest manage-
ment practices on wood quality from conifers: literature review
and reflection on future challenges. Curr For Rep 9:101-130. http
s://doi.org/10.1007/s40725-023-00181-6

Belleville B, Redman A, Chounlamounty P, Phengthajam V, Xiong
S, Boupha L, Ozarska B (2018) Potential of Veneer peeled from
young Eucalypts in Laos. BioResources 13. https://doi.org/10.15
376/biores.13.4.7581-7594

Belleville B, Chounlamounty P, Soukphaxay K, Phengthajam V, Sae-
tern L, Smith H, Ozarska B (2020) An investigation on peeling
recovery and quality of senile plantation-grown rubber trees in
Laos. Eur J Wood Prod 78:1295-1303. https://doi.org/10.1007/s
00107-020-01594-x

Blackburn D, Hamilton M, Harwood C, Innes T, Potts B, Williams D
(2010) Stiffness and checking of Eucalyptus nitens sawn boards:
genetic variation and potential for genetic improvement. Tree
Genet Genomes 6:757-765. https://doi.org/10.1007/s11295-01
0-0289-7

Blackburn DP, Hamilton MG, Harwood CE, Innes TC, Potts BM, Wil-
liams D (2011) Genetic variation in traits affecting sawn timber
recovery in plantation-grown Eucalyptus nitens. Ann for Sci
68:1187-1195. https://doi.org/10.1007/s13595-011-0130-y

Blackburn D, Farrell R, Hamilton M, Volker P, Harwood C, Williams
D, Potts B (2012) Genetic improvement for pulpwood and peeled
veneer in Eucalyptus nitens. Can J For Res 42:1724—-1732. https:
//doi.org/10.1139/x2012-105

Chauhan SS (2025) Wood processing. In: Mandal AK, Nicodemus A
(eds) Textbook of forest science. Springer Nature Singapore, Sin-
gapore, pp 839-864

Cown D, Marshall H, Silcock P, Meason D (2013) Sawn timber grade
recovery from a planted coast redwood stand growing in new
Zealand. N Z J For Sci 43:8. https://doi.org/10.1186/1179-5395-4
3-8

Darmawan W, Nandika D, Massijaya Y, Kabe A, Rahayu I, Denaud
L, Ozarska B (2015) Lathe check characteristics of fast growing
Sengon veneers and their effect on LVL glue-bond and bending
strength. J Mater Process Technol 215:181-188. https://doi.org/1
0.1016/j.jmatprotec.2014.08.015

Drew DM, Downes GM, Seifert T, Eckes-Shepard A, Achim A (2022)
A review of progress and applications in wood quality modelling.
Curr For Rep 8:317-332. https://doi.org/10.1007/s40725-022-00
171-0

Falade OE, Belleville B, Spokevicius A, Ozarska B, Bossinger G,
Dewi LM, Ibrahim U, Thumma B (2025) SNP-based genetic
analysis of dimensional stability and wood density in Eucalyptus
pellita F.Muell. and hybrids. Forests 16:1301

Filipescu CN, Stoehr MU, Pigott DR (2018) Variation of lumber prop-
erties in genetically improved full-sib families of Douglas-fir in
British Columbia, Canada. For Int J For Res 91:320-326. https://
doi.org/10.1093/forestry/cpy011

Gao C, Li Z, Li J, Cui K (2024) High genetic gains in wood volume
and fecundity can be both achieved by direct selection in half-sib
families of Pinus yunnanensis Franch. Ann For Sci 81:51. https://
doi.org/10.1186/s13595-024-01270-7

GondwanaGenomics (2025) Maximise your growth, density, pulp
yield. https://gondwanagenomics.com.au/

Gonzalez-Martinez SC, Wheeler NC, Ersoz E, Nelson CD, Neale DB
(2007) Association genetics in Pinus taeda L. 1. Wood property

@ Springer

traits. Genetics 175:399-409. https://doi.org/10.1534/genetics.10
6.061127

Graves DH (1986) A Landowner’s Guide: Measuring Farm Timber,
pp 1-20

Guo F, Altaner CM (2018) Properties of rotary peeled veneer and lami-
nated veneer lumber (LVL) from new Zealand grown Eucalyptus
globoidea. N Z J For Sci https://doi.org/10.1186/s40490-018-01
09-7

Gwaze D, Bridgwater FE, Lowe WJ (2000) Performance of interspe-
cific F1 Eucalypt hybrids in Zimbabwe. Forest Genetics 7:295—
303. https://www.srs.fs.usda.gov/pubs/ja/uncaptured/ja_gwaze00
3.pdf

Hamilton MG, Blackburn DP, McGavin RL, Bailleres H, Vega M,
Potts BM (2015) Factors affecting log traits and green rotary-
peeled veneer recovery from temperate Eucalypt plantations. Ann
For Sci 72:357-365. https://doi.org/10.1007/s13595-014-0430-0

Hassegawa M, Savard M, Lenz PRN, Duchateau E, Gélinas N, Bous-
quet J, Achim A (2019) White Spruce wood quality for lumber
products: priority traits and their enhancement through tree
improvement. For Int J For Res 93:16-37. https://doi.org/10.10
93/forestry/cpz050

Herrera-Ramirez D, Sierra CA, Romermann C, Muhr J, Trumbore S,
Silvério D, Brando PM, Hartmann H (2021) Starch and lipid stor-
age strategies in tropical trees relate to growth and mortality. New
Phytol 230:139-154. https://doi.org/10.1111/nph.17239

Hii SY, Ha KS, Ngui ML, Ak Penguang S, Duju A, Teng XY, Meder
R (2017) Assessment of plantation-grown Eucalyptus pellita in
Borneo, Malaysia for solid wood utilisation. Austral For 80:26—
33. https://doi.org/10.1080/00049158.2016.1272526

Ho TX, Schimleck LR, Sinha A (2021) Utilization of genetic algo-
rithms to optimize Eucalyptus globulus pulp yield models based
on NIR spectra. Wood Sci Technol 55:757-776. https://doi.org/1
0.1007/s00226-021-01272-y

Huang M, Liu X, Zhou Y, Summers RM, Zhang Z (2018) BLINK: a
package for the next level of genome-wide association studies
with both individuals and markers in the millions. GigaScience 8.
https://doi.org/10.1093/gigascience/giy154

Hutapea FJ, Weston CJ, Mendham D, Volkova L (2023) Sustainable
management of Eucalyptus pellita plantations: a review. For Ecol
Manag 537:120941. https://doi.org/10.1016/j.foreco.2023.12094
1

Hutapea FJ, Volkova L, Mendham DS, Weston CJ (2024) Eucalyp-
tus pellita substantially outperforms acacia mangium in tropical
Savannah ecosystem of Australia, but strategies are needed to
maintain soil nutrients. For Ecol Manag 562:121930. https://doi.
org/10.1016/j.foreco.2024.121930

Ibarra L, Hodge G, Acosta JJ (2023) Quantitative genetics of a hybrid
population of Eucalyptus nitens x Eucalyptus globulus: estima-
tion of genetic parameters and implications for breeding strate-
gies. Forests 14:381. https://doi.org/10.3390/f14020381

Iyiola EA, Altaner CM, Apiolaza LA (2022) Genetic variation in wood
properties of mid-rotation age Eucalyptus globoidea. N Z J Forest
Sci 52. https://doi.org/10.33494/nzjfs522022x172x

Japarudin Y, Lapammu M, Alwi A, Chiu K, Ghaffariyan M, Brown
M, Meder R (2021a) Veneering and sawing performance of
plantation-grown Eucalyptus pellita, aged 7-23 years, in Borneo
Malaysia. Int Wood Prod J 12:116—127. https://doi.org/10.1080/2
0426445.2020.1871275

Japarudin Y, Meder R, Lapammu M, Alwi A, Ghaffariyan M, Brown M
(2021b) Compression and flexural properties of plantation-grown
Eucalyptus pellita in Borneo, Malaysia. Potential for structural
timber end use. Aust For 84:139-151. https://doi.org/10.1080/00
049158.2021.1962628

Japarudin Y, Meder R, Lapammu M, Waburton P, Paul-Macdonell
P, Brown M, Brawner J (2022) Developing Eucalyptus pellita


https://doi.org/10.1534/genetics.106.061127
https://doi.org/10.1534/genetics.106.061127
https://doi.org/10.1186/s40490-018-0109-7
https://doi.org/10.1186/s40490-018-0109-7
https://www.srs.fs.usda.gov/pubs/ja/uncaptured/ja_gwaze003.pdf
https://www.srs.fs.usda.gov/pubs/ja/uncaptured/ja_gwaze003.pdf
https://doi.org/10.1007/s13595-014-0430-0
https://doi.org/10.1093/forestry/cpz050
https://doi.org/10.1093/forestry/cpz050
https://doi.org/10.1111/nph.17239
https://doi.org/10.1080/00049158.2016.1272526
https://doi.org/10.1007/s00226-021-01272-y
https://doi.org/10.1007/s00226-021-01272-y
https://doi.org/10.1093/gigascience/giy154
https://doi.org/10.1093/gigascience/giy154
https://doi.org/10.1016/j.foreco.2023.120941
https://doi.org/10.1016/j.foreco.2023.120941
https://doi.org/10.1016/j.foreco.2024.121930
https://doi.org/10.1016/j.foreco.2024.121930
https://doi.org/10.3390/f14020381
https://doi.org/10.33494/nzjfs522022x172x
https://doi.org/10.1080/20426445.2020.1871275
https://doi.org/10.1080/20426445.2020.1871275
https://doi.org/10.1080/00049158.2021.1962628
https://doi.org/10.1080/00049158.2021.1962628
https://doi.org/10.1007/s00107-022-01790-x
https://doi.org/10.1007/s00107-022-01790-x
https://doi.org/10.1007/s40725-023-00181-6
https://doi.org/10.1007/s40725-023-00181-6
https://doi.org/10.15376/biores.13.4.7581-7594
https://doi.org/10.15376/biores.13.4.7581-7594
https://doi.org/10.1007/s00107-020-01594-x
https://doi.org/10.1007/s00107-020-01594-x
https://doi.org/10.1007/s11295-010-0289-7
https://doi.org/10.1007/s11295-010-0289-7
https://doi.org/10.1007/s13595-011-0130-y
https://doi.org/10.1139/x2012-105
https://doi.org/10.1139/x2012-105
https://doi.org/10.1186/1179-5395-43-8
https://doi.org/10.1186/1179-5395-43-8
https://doi.org/10.1016/j.jmatprotec.2014.08.015
https://doi.org/10.1016/j.jmatprotec.2014.08.015
https://doi.org/10.1007/s40725-022-00171-0
https://doi.org/10.1007/s40725-022-00171-0
https://doi.org/10.1093/forestry/cpy011
https://doi.org/10.1093/forestry/cpy011
https://doi.org/10.1186/s13595-024-01270-7
https://doi.org/10.1186/s13595-024-01270-7
https://gondwanagenomics.com.au/

European Journal of Wood and Wood Products (2026) 84:25

Page 210f 22 25

breeding populations for the solid wood industry of Eastern
Malaysia. J Trop for Sci 34:347-358

Jimenez JP, Gilbero DM, Alipon MA (2021) Veneer and plywood
properties of Yemane (Gmelina Arborea Roxb.) from 3-, 5-, and
7-year-old plantation trees. Int Wood Prod J 12:277-286. https://
doi.org/10.1080/20426445.2021.1979823

Jurcic EJ, Villalba PV, Dutour J, Centurion C, Munilla S, Cappa EP
(2023) Breeding value predictive accuracy for scarcely recorded
traits in a Eucalyptus grandis breeding population using genomic
selection and data on predictor traits. Tree Genet Genomes 19:35.
https://doi.org/10.1007/s11295-023-01611-z

Khoo PS, H’ng PS, Chin KL, Bakar ES, Maminski M, Raja—Ahmad
RN, Lee CL, Ashikin SN, Saharudin MH (2018) Peeling of small
diameter rubber log using spindleless lathe technology: evalua-
tion of veneer properties from outer to inner radial section of log
at different veneer thicknesses. Eur J] Wood Prod 76:1335-1346.
https://doi.org/10.1007/s00107-018-1300-5

Khoo PS, Chin KL, H’ng PS, Bakar ES, Lee CL, Go WZ, Dahali
R (2019) Physical properties and bonding quality of laminated
veneer lumber produced with veneers peeled from small-diameter
rubberwood logs. R Soc Open Sci 6:191763. https://doi.org/10.1
098/rs0s.191763

Khoo PS, Chin KL, H’ng PS, Lee CL, Bakar. ES, Ashaari Z, Abdul-
lah LC, Gandaseca S (2020) Laminated veneer lumber from
spindleless rotary-peeled veneers produced from short rotation,
small Hevea plantation logs: effect of lamination pressure. Bio-
Resources 15:6735-6735

Khoo PS, Chin KL, Lee CL, H’ng PS, Hafizuddin MS (2021) Effect
of glue spreads on the structural properties of laminated veneer
lumber from spindleless rotary veneers recovered from short rota-
tion Hevea plantation logs. Polymers 13:1-17. https://doi.org/10.
3390/polym13213799

Kien ND, Bien TH (2024) Genetic control of traits relevant to solid-
wood use in Eucalyptus pellita. ] Trop for Sci 36:424-433. https:
//doi.org/10.26525/jtfs2024.36.4.424

Kombi Kaviriri D, Liu H, Zhao X (2021) Estimation of genetic param-
eters and wood yield selection index in a clonal trial of Korean
pine (Pinus koraiensis) in Northeastern China. Sustainability
13:4167. https://doi.org/10.3390/sul3084167

Leggate W, McGavin R, Bailleres H (2017) A guide to manufacturing
rotary veneer and products from small logs. Australian Centre for
International Agricultural Research (ACIAR), Camberra

Li X, Ye D, Liang H, Zhu H, Qin L, Zhu Y, Wen Y (2015) Effects of
successive rotation regimes on carbon stocks in Eucalyptus plan-
tations in subtropical China measured over a full rotation. PLoS
One 10:¢0132858. https://doi.org/10.1371/journal.pone.0132858

Luo J (2023) Heterosis from Eucalypt single and multi-cross hybrids.
Agrocienc Urug 27:¢1281. https://doi.org/10.31285/AGR0O.27.1
281

Lutz JF (1971) Wood and log characteristics affecting veneer produc-
tion. Department of Agriculture, U.S

Marco de Lima B, Cappa EP, Silva-Junior OB, Garcia C, Mansfield
SD, Grattapaglia D (2019) Quantitative genetic parameters for
growth and wood properties in Eucalyptus urograndis hybrid
using near-infrared phenotyping and genome-wide SNP-based
relationships. PLoS One 14:¢0218747. https://doi.org/10.1371/j
ournal.pone.0218747

Martins C, Dias AMPG (2025) Bending properties of LVL made by
Eucalyptus globulus Labill. and its potential for hybrid glulam
beams. Eur J Wood Prod 83:97. https://doi.org/10.1007/s00107-0
25-02244-w

McGavin RL, Leggate W (2019) Comparison of processing methods
for small-diameter logs: sawing versus rotary peeling. BioRe-
sources 14:1545-1563. https://doi.org/10.15376/biores.14.1.154
5-1563

McGavin RL, Nguyen HH, Gilbert BP, Dakin T, Faircloth A (2019)
A comparative study on the mechanical properties of laminated
veneer lumber (LVL) produced from blending various wood
veneers. BioResources 14:9064-9081

McGavin RL, McGrath J, Fitzgerald C, Kumar C, Oliver C, Lindsay
A (2021) Sawn timber and rotary veneer processing and grade
recovery investigation of Northern Australian plantation grown.
Afr Mahog Bioresour 16:1891-1913. https://doi.org/10.15376/b
iores.16.1.1891-1913

Miiller BSF, Neves LG, de Almeida Filho JE, Resende MFR Jr., Mufioz
PR, Dos Santos PET, Filho EP, Kirst M, Grattapaglia D (2017)
Genomic prediction in contrast to a genome-wide association
study in explaining heritable variation of complex growth traits
in breeding populations of Eucalyptus. BMC Genom 18:524. http
s://doi.org/10.1186/512864-017-3920-2

Nadeau S, Beaulieu J, Gezan SA, Perron M, Bousquet J, Lenz PRN
(2023) Increasing genomic prediction accuracy for unphenotyped
full-sib families by modeling additive and dominance effects with
large datasets in white Spruce. Front Plant Sci 14. https://doi.org/
10.3389/fpls.2023.1137834

Nickolas H, Williams D, Downes G, Tilyard P, Harrison PA, Vaillan-
court RE, Potts B (2020) Genetic correlations among pulpwood
and solid-wood selection traits in Eucalyptus globulus. New For
51:137-158. https://doi.org/10.1007/s11056-019-09721-0

Peng Y, Russel W, Dongyun X, Jun L, Shaoxiong C, Arnold R (2014)
Grade and value variations in Eucalyptus urophylla x E. grandis
veneer due to variations in initial plantation spacings. Aust For
77:39-50. https://doi.org/10.1080/00049158.2013.877415

Purba CYC, Pot G, Viguier J, Ruelle J, Denaud L (2019) The influence
of veneer thickness and knot proportion on the mechanical prop-
erties of laminated veneer lumber (LVL) made from secondary
quality hardwood. Eur J Wood Prod 77:393—404. https://doi.org/
10.1007/s00107-019-01400-3

Purnell RC (1988) Variation in wood properties of Eucalyptus nitens
in a provenance trial on the Eastern Transvaal highveld in South
Africa. S Afr For J 144:10-22. https://doi.org/10.1080/00382167
.1988.9630311

Ramage MH, Burridge H, Busse-Wicher M, Fereday G, Reynolds T,
Shah DU, Wu G, Yu L, Fleming P, Densley-Tingley D, Allwood
J, Dupree P, Linden PF, Scherman O (2017) The wood from the
trees: the use of timber in construction. Renew Sustain Energy
Rev 68:333-359. https://doi.org/10.1016/j.rser.2016.09.107

Rashidi-Jouybari I, Lenz P, Beaulieu J, Nadeau S, Bousquet J, Achim
A (2022) Multi-trait selection for improved solid wood physical
and flexural properties in white Spruce. For Int J For Res 95:492—
503. https://doi.org/10.1093/forestry/cpac006

Redman A, Bailleres H, Mai TH, Tung NT (2015) Plantation hard-
woods raw material and recovery analysis specifically for veneer
Production. ACIAR project report. Department of Agriculture
and Fisheries, Brisbane

Rocha LF, Benatti TR, de Siqueira L, de Souza ICG, Bianchin I, de
Souza AJ, Fernandes ACM, Oda S, Stape JL, Yassue RM, Car-
valho HF, Miiller NA, Fladung M, Acosta JJ, Fritsche-Neto R,
Tambarussi EV (2022) Quantitative trait loci related to growth
and wood quality traits in Eucalyptus grandis W. Hill identified
through single- and multi-trait genome-wide association studies.
Tree Genet Genomes 18:38. https://doi.org/10.1007/s11295-02
2-01570-x

Rozas C, Zapata B, Muiloz F, Ortiz-Araya V, Erazo O (2023) Charac-
terization and yield of Eucalyptus regnans F. Muell logs for lum-
ber production. Forests 14. https://doi.org/10.3390/f14122359

Shi W, Zeng W, Aritsara ANA, YiY, Zhu S, Cao K (2024) The interac-
tion between climate and soil properties influences tree species
richness in tropical and subtropical forests of Southern China.
Forests 15:1441

@ Springer


https://doi.org/10.15376/biores.16.1.1891-1913
https://doi.org/10.15376/biores.16.1.1891-1913
https://doi.org/10.1186/s12864-017-3920-2
https://doi.org/10.1186/s12864-017-3920-2
https://doi.org/10.3389/fpls.2023.1137834
https://doi.org/10.3389/fpls.2023.1137834
https://doi.org/10.1007/s11056-019-09721-0
https://doi.org/10.1080/00049158.2013.877415
https://doi.org/10.1007/s00107-019-01400-3
https://doi.org/10.1007/s00107-019-01400-3
https://doi.org/10.1080/00382167.1988.9630311
https://doi.org/10.1080/00382167.1988.9630311
https://doi.org/10.1016/j.rser.2016.09.107
https://doi.org/10.1093/forestry/cpac006
https://doi.org/10.1007/s11295-022-01570-x
https://doi.org/10.1007/s11295-022-01570-x
https://doi.org/10.3390/f14122359
https://doi.org/10.1080/20426445.2021.1979823
https://doi.org/10.1080/20426445.2021.1979823
https://doi.org/10.1007/s11295-023-01611-z
https://doi.org/10.1007/s11295-023-01611-z
https://doi.org/10.1007/s00107-018-1300-5
https://doi.org/10.1007/s00107-018-1300-5
https://doi.org/10.1098/rsos.191763
https://doi.org/10.1098/rsos.191763
https://doi.org/10.3390/polym13213799
https://doi.org/10.3390/polym13213799
https://doi.org/10.26525/jtfs2024.36.4.424
https://doi.org/10.26525/jtfs2024.36.4.424
https://doi.org/10.3390/su13084167
https://doi.org/10.1371/journal.pone.0132858
https://doi.org/10.31285/AGRO.27.1281
https://doi.org/10.31285/AGRO.27.1281
https://doi.org/10.1371/journal.pone.0218747
https://doi.org/10.1371/journal.pone.0218747
https://doi.org/10.1007/s00107-025-02244-w
https://doi.org/10.1007/s00107-025-02244-w
https://doi.org/10.15376/biores.14.1.1545-1563
https://doi.org/10.15376/biores.14.1.1545-1563

25 Page 22 of 22

European Journal of Wood and Wood Products (2026) 84:25

Stone C, Wardlaw T, Floyd R, Carnegie A, Wylie R, de Little D (2003)
Harmonisation of methods for the assessment and reporting of
forest health in Australia—a starting point. Aust For 66:233-246.
https://doi.org/10.1080/00049158.2003.10674918

Thavamanikumar S, Arnold RJ, Luo J, Thumma BR (2020) Genomic
studies reveal substantial dominant effects and improved genomic
predictions in an open-pollinated breeding population of Euca-
lyptus pellita. Genes Genom Genet 10:3751-3763. https://doi.org
/10.1534/g3.120.401601

Thumma BR, Joyce KR, Jacobs A (2022) Genomic studies with prese-
lected markers reveal dominance effects influencing growth traits
in Eucalyptus nitens. G3 (Bethesda) 12. https://doi.org/10.1093/
g3journal/jkab363

Tibbits JFG, McManus LJ, Spokevicius AV, Bossinger G (2006) A
rapid method for tissue collection and high-throughput isolation
of genomic DNA from mature trees. Plant Mol Biol Rep 24:81—
91. https://doi.org/10.1007/BF02914048

Tyron V, Robert M, Alisher E (2020) Accommodating log dimensions
and geometry in log procurement decisions for spindleless rotary
veneer production. BioResources 15:2385-2411. https://doi.org/
10.15376/biores.15.2.2385-2411

Vaknin Y, Korol L (2023) Preliminary results on the effects of initial
stand density and supplemental irrigation on biomass of Eucalyp-
tus camaldulensis Dehn. Grown as a short rotation Woody crop
under Semi-Arid conditions. Agronomy 13:1216. https://doi.org/
10.3390/agronomy13051216

Valencia J, Harwood C, Washusen R, Morrow A, Wood M, Volker P
(2011) Longitudinal growth strain as a log and wood quality pre-
dictor for plantation-grown Eucalyptus nitens sawlogs. Wood Sci
Technol 45:15-34. https://doi.org/10.1007/s00226-010-0302-1

Valenzuela CE, Ballesta P, Ahmar S, Fiaz S, Heidari P, Maldonado C,
Mora-Poblete F (2021) Haplotype- and SNP-Based GWAS for

@ Springer

growth and wood quality traits in Eucalyptus cladocalyx trees
under arid conditions. Plants 10:148. https://doi.org/10.3390/pla
nts10010148

VanRaden PM (2008) Efficient methods to compute genomic predic-
tions. J Dairy Sci 91:4414-4423. https://doi.org/10.3168/jds.200
7-0980

Wang J, Zhang Z (2021) GAPIT version 3: boosting power and accu-
racy for genomic association and prediction. Genom Proteom
Bioinf 19:629-640. https://doi.org/10.1016/j.gpb.2021.08.005

Wimmer R, Johansson M (2014) Effects of reaction wood on the per-
formance of wood and wood- based products. In: The Biology of
Reaction Wood. Springer Berlin, Heidelberg, pp 225-248. https:/
/doi.org/10.1007/978-3-642-10814-3

Wu S, Zhu Y, Xu J, Lu Z, Chen G, Song P, Guo W (2017) Genetic
variation and genetic gain for energy Production, growth traits
and wood properties in Eucalyptus hybrid clones in China. Aust
For 80:57-65. https://doi.org/10.1080/00049158.2016.1275948

Xie L-J, Zhou Y, Chen Q-F, Xiao S (2021) New insights into the role
of lipids in plant hypoxia responses. Prog Lipid Res 81:101072. h
ttps://doi.org/10.1016/j.plipres.2020.101072

Yanez MA, Zamudio F, Espinoza S, Ponce M, Gajardo J, Espinosa C
(2021) Assessing wood properties on hybrid poplars using rapid
phenotyping tools. New Forest 52:397-410. https://doi.org/10.10
07/s11056-020-09799-x

Zhou C, Guo Y, Chen Y, Zhang H, El-Kassaby YA, Li W (2022)
Genome wide association study identifies candidate genes related
to the earlywood tracheid properties in Picea crassifolia Kom.
Forests 13:332. https://doi.org/10.3390/f13020332

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/plants10010148
https://doi.org/10.3390/plants10010148
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.1016/j.gpb.2021.08.005
https://doi.org/10.1007/978-3-642-10814-3
https://doi.org/10.1007/978-3-642-10814-3
https://doi.org/10.1080/00049158.2016.1275948
https://doi.org/10.1016/j.plipres.2020.101072
https://doi.org/10.1016/j.plipres.2020.101072
https://doi.org/10.1007/s11056-020-09799-x
https://doi.org/10.1007/s11056-020-09799-x
https://doi.org/10.3390/f13020332
https://doi.org/10.1080/00049158.2003.10674918
https://doi.org/10.1080/00049158.2003.10674918
https://doi.org/10.1534/g3.120.401601
https://doi.org/10.1534/g3.120.401601
https://doi.org/10.1093/g3journal/jkab363
https://doi.org/10.1093/g3journal/jkab363
https://doi.org/10.1007/BF02914048
https://doi.org/10.15376/biores.15.2.2385-2411
https://doi.org/10.15376/biores.15.2.2385-2411
https://doi.org/10.3390/agronomy13051216
https://doi.org/10.3390/agronomy13051216
https://doi.org/10.1007/s00226-010-0302-1

	﻿Hybrid effects on processing recovery, wood quality, and structural performance of engineered ﻿Eucalyptus pellita﻿ products
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Plantation sites and tree selection
	﻿2.2﻿ ﻿Growth traits and single nucleotide polymorphism (SNP) marker data
	﻿2.3﻿ ﻿Billet assessment
	﻿2.4﻿ ﻿Billet processing, veneer recovery, and grading
	﻿2.5﻿ ﻿Fabrication of laminated veneer lumber (LVL) and evaluation of its physical and mechanical properties
	﻿2.6﻿ ﻿Billet processing, sawn timber recovery, and grading
	﻿2.7﻿ ﻿Data analysis

	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Influence of genotype and site on log traits
	﻿3.2﻿ ﻿Sawn board recovery (SR), sawn-graded recovery (SGR), dried-dressed recovery (DDR), and board quality across genotypes and plantation sites
	﻿3.3﻿ ﻿Rotary peeling and veneer recovery of ﻿E. pellita﻿ and hybrids
	﻿3.4﻿ ﻿Properties of laminated veneer lumber (LVL) from ﻿E. pellita﻿ and hybrid veneers
	﻿3.5﻿ ﻿Genetic correlation between single nucleotide polymorphisms (SNPs) and selected log traits influencing sawing and peeling recoveries

	﻿4﻿ ﻿Conclusion
	﻿References


