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Abstract

Dimensional stability is a key trait for structural wood applications such as flooring, yet
its genetic basis in Eucalyptus pellita F.Muell. and its hybrids remain poorly understood.
Addressing this gap is essential for improving processing efficiency and product quality
through targeted breeding. This study assessed variation in shrinkage and density, their re-
lationships with growth and chemical traits, and associated genetic markers. Wood samples
from E. pellita, E. pellita × E. urophylla S.T.Blake, and E. pellita × E. brassiana S.T.Blake were
collected from two plantation sites in northern Australia. Radial and tangential shrinkage
and density were measured alongside growth and chemical traits. SNP genotyping was
conducted to identify markers linked to these physical properties. Significant differences
were observed among hybrid types. E. pellita × E. urophylla recorded the lowest tangen-
tial unit shrinkage (0.06%), while E. pellita × E. brassiana had the highest basic density
(651 kg/m3). Shrinkage and density showed moderate to strong correlations with growth
and chemical traits. Several SNPs were associated with these properties; all were located
in the intergenic region near Eucgr.A00211. Among these, only one SNP exceeded the
−log10(p) significance threshold. These results provide early genetic insights and potential
candidate markers for improving wood quality in Eucalyptus breeding programs. This
exploratory study, constrained by a small sample size (n = 58), identifies putative SNPs for
future validation in broader, multi-environment trials.

Keywords: Eucalyptus pellita; hybrids; shrinkage; density; growth traits; chemical traits;
genetic markers

1. Introduction
Plantations of fast-growing trees are increasingly established worldwide to address

wood shortages caused by the decline of natural forests. In Australia, planted forests
have become a vital source of wood and fiber, now constituting a larger share of the
harvestable supply as industrial wood from native forests continues to decline [1–4]. While
hardwood plantations were initially established to supply wood chips for the pulp and
paper industry, the sector has expanded to produce higher-value products such as sawn
and engineered wood [3]. Among these, Eucalyptus species are increasingly valued for
solid wood applications where dimensional stability is essential. This property, which
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reflects how wood responds to changes in moisture, directly affects product performance,
durability, and market value [5,6]. As such, improving dimensional stability has become a
key target in hardwood plantation breeding programs.

Among Eucalyptus species, Eucalyptus pellita F.Muell. (red mahogany), a Myrtaceae
species endemic to Queensland, Australia, is well-suited for humid, tropical, and subtropi-
cal environments. Its performance in field trials has confirmed its suitability for plantation
forestry in these regions [7,8]. Breeding programs aim to boost productivity by selecting su-
perior genotypes for hybridization and clonal propagation. This improves wood properties
for construction, pulp, and bioenergy applications [9–11]. In Indonesia, hybrids such as E.
grandis W.Hill ex Maiden × E. pellita (GxP) and E. grandis × E. urophylla S.T.Blake (G × U)
have been evaluated for key properties, including basic density, shrinkage, compressive
strength, and modulus of elasticity and rupture. The GxP hybrid exhibited improved com-
pressive strength and consistent wood quality without compromising growth, highlighting
the potential of hybridization to enhance timber properties [12]. Similarly, trials involving
E. urophylla × E. pellita hybrids reported combined benefits in growth adaptability and
performance, with minimal reductions in wood quality [13]. By selecting superior geno-
types and optimizing breeding strategies, the program aims to improve growth rates and
wood quality, fostering a more sustainable and profitable timber industry. This approach
positions Eucalyptus pellita as a valuable resource for diverse industrial applications.

Numerous studies have examined genetic and phenotypic relationships between
growth and wood traits using non-destructive tree evaluation. Most research has focused
on growth traits and wood properties influencing pulp yield, such as basic density, cellulose,
hemicellulose, lignin, and extractives [10]. However, wood quality is not defined by a
single index. Dimensional stability, which describes how wood shrinks and swells with
moisture changes, is crucial for various product applications, especially in applications
exposed to fluctuating between dry and humid seasons [14–16]. Along with density and
other properties, it plays a key role in determining wood quality. Genetically, density and
pulp yield are typically controlled by fewer, more additive loci and often show strong
correlations with growth traits [17,18]. In contrast, dimensional stability is influenced
by a complex combination of anatomical features, including microfibril angle and fiber
structure, and chemical components such as hemicellulose–lignin interactions, which tend
to be under polygenic control and more affected by environmental variation [19,20]. These
differences make dimensional stability a more challenging trait to assess and improve
through conventional selection methods, requiring targeted genetic studies to enable its
integration into tree breeding programs.

While these properties are well studied, their genetic basis, particularly in Eucalyptus
pellita, remains unexplored. In E. globulus, studies using genetic correlations, genetic algo-
rithms and near-infrared models have revealed significant heritability for pulpwood and
shrinkage-related traits, highlighting the feasibility of indirect selection for stability [21–23].
In Pinus koraiensis Zuccarini and Siebold, clonal trials demonstrated moderate to high heri-
tability for wood quality traits, supporting multi-trait selection strategies [24]. In E. grandis,
genomic modification [25] has been studied to enhance dimensional stability. Although
effective, these treatments increase embodied carbon or involve non-renewable chemicals,
limiting recyclability. Tree breeding offers a sustainable alternative, improving dimensional
stability without environmental drawbacks [26], which can be fast-tracked using emerging
genomic technologies. Selection has improved predictive accuracy for rarely measured
traits such as pulp yield and cellulose [27], while E. urograndis hybrids have shown strong
genetic control of wood properties, such as density, cellulose and lignin, using SNP-based
models [28]. Similarly, in Larix kaempferi Lamb., provenance trials identified genotypes com-
bining superior growth and wood stability traits [29]. Despite these advances, such genetic
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insights remain limited for E. pellita and its hybrids. The absence of studies identifying
SNPs for dimensional stability in this species represents a key research gap. Understanding
the genetic basis of this trait could support targeted breeding for high-performance timber
suitable for variable climatic conditions.

Several methods, such as chemical [30–32], thermal [33,34], and metal ion modifica-
tion [25], have been investigated to enhance dimensional stability in wood products. While
often effective, these treatments may increase production costs, involve non-renewable or
toxic substances, and reduce product recyclability, thereby limiting their environmental
and economic sustainability. In contrast, tree breeding offers a more cost-effective and
eco-friendly solution by genetically improving dimensional stability at the source. This ap-
proach aligns with long-term plantation management goals and can be accelerated through
the use of genomic technologies such as GWAS and SNP-based selection [26]. For example,
Tan and Ingvarsson [17] found that SNPs selected from a genome-wide association study
(GWAS) in Eucalyptus result in improving the prediction abilities of estimated breeding
values for traits like density and pulp yield [17]. However, the lack of information on
SNPs related to dimensional stability in E. pellita and its hybrids highlights the need for tar-
geted genetic association studies on physical wood properties. Such studies could enhance
selection efficiency and support both industry demand and environmental sustainability.

Further research is needed to understand the genetic basis of dimensional stability and
its relationship with other wood traits in E. pellita and its hybrids. Despite its importance
in product performance, this trait remains poorly studied at the molecular level in this
species. This study addresses that gap by integrating phenotypic assessment of shrinkage
and density with genomic data to identify markers associated with dimensional stability.
The specific objectives were to (i) evaluate density and shrinkage variation in parent trees
and hybrids, (ii) explore the relationships between physical properties, growth traits,
and chemical components, and (iii) identify molecular markers linked to density and
dimensional stability. By combining genomic and phenotypic data, this work provides
a novel framework for improving selection efficiency in breeding programs targeting
dimensional stability and supports the development of more resilient, high-value plantation
resources. Given the limited sample size (n = 58), this study is considered exploratory, with
the identified SNPs representing promising candidates for future validation in expanded
genetic trials.

2. Materials and Methods
2.1. Sampling Area

This study was carried out on two E. pellita trial sites in the Tiwi Islands, Northern
Territory, Australia: Kilu Impini 64 (KI64) and Yapilika 28 (YP28) (Table 1). Both sites were
established in 2012 using a randomized complete block design, with four complete repli-
cates and 25 trees per replicate, resulting in a total of 1000 trees planted per site. The trials
were spaced at 3 × 3 m to balance stand density. Standard silvicultural practices, including
weed control, pruning, and thinning, were applied uniformly across both sites. The two
sites were selected to represent contrasting environmental conditions in terms of soil type,
elevation, and exposure, enabling assessment of genotype × environment interactions.
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Table 1. Location and description of research trial sites.

Kilu Impini 64 Yapilika 28

Coordinates 11◦25′6.00′′ S 11◦33′45.00′′ S
130◦30′0.00′′ E 130◦34′39.00′′ E

Rainfall 1200–1400 mm 1200–1400 mm
Number of seedlots 10 10

Year planted 2012 2012
Number of trees planted 1000 1000
Number of living trees

(Year 2022) 763 666

Soil Red sandy soils and gray
to yellow sandy soil > 2 m

Moonkinu Member
sandstone > 3 m

Tree/plot 25 25
Replications 4 4

Spacing 3 × 3 m 3 × 3 m

2.2. Genetic Material and Trial Establishment

Growth traits (height and diameter at breast height) were measured on 1429 trees
across two sites, with 763 trees at Kilu Impini 64 and 666 trees at Yapilika 28 plan-
tation sites. DNA samples and wood chips were collected for genotyping, identi-
fying five genetic groups: E. pellita, first-generation hybrids (E. pellita × E. brassiana
(F1), E. pellita × E. urophylla (F1)), and backcross hybrids (E. pellita × E. brassiana (BC),
E. pellita × E. urophylla (BC)), as summarized in Table 2. F1 hybrids result from two parent
species, while BC hybrids are F1 crosses with one parent. These hybrids were distributed
across 10 seedlots. The hybrid groups were selected to evaluate the potential for genetic
gain in tropical plantations. Prior breeding work has shown that incorporating other Euca-
lyptus into E. pellita breeding populations can enhance adaptability, disease resistance, and
wood quality in tropical environments. Including F1 and BC hybrids enabled the evaluation
of heterosis and trait inheritance relevant to productivity and product development.

Table 2. Number of trees genotyped and selected for shrinkage and density assessment per genotype
group and site.

Hybrid/Genotype Group Total
Genotyped

Kilu Impini
64 Yapilika 28 Selected Trees: Kilu

Impini 64
Selected Trees:

Yapilika 28

E. pellita 858 456 402 6 6
E. pellita × E. brassiana (BC) 97 59 38 6 6
E. pellita × E. brassiana (F1) 25 17 8 6 5
E. pellita × E. urophylla (BC) 313 160 153 6 6
E. pellita × E. urophylla (F1) 136 71 65 6 5

Total 1429 763 666 30 28
F1: first-generation hybrid; BC: backcross hybrid.

Cambial tissue was collected from the tree trunk using a chisel, as this layer contains
actively dividing cells rich in nuclear DNA and is suitable for high-throughput field-based
genotyping. DNA was extracted using a modified cetyltrimethylammonium bromide
(CTAB) protocol, following Tibbits et al. [35], which facilitates efficient tissue collection
and high-yield DNA isolation from mature trees. Genotyping was performed by Gond-
wana Genomics using a Targeted Genotyping-by-Sequencing (TGS) method with a custom
E. pellita SNP panel. This method involved capturing targeted regions with oligonucleotide
probes, amplification of the captured regions using universal primers, and sequencing on
an Illumina platform (Illumina Inc., San Diego, USA) with an average read depth of approx-
imately 30× per locus. A raw dataset of 5500 SNP markers per individual was generated
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and provided for downstream genetic structure and association analyses. These SNPs
were aligned to the Eucalyptus grandis reference genome (v2.0, Phytozome) for downstream
genetic structure and association analyses.

2.3. Estimation of Physical Properties

Trees with diameter at breast height (Dbh) greater than 15 cm were selected from the
genotyped population. Within each genotype group, individuals were grouped into three
wood density classes (high, medium, low) using a 3-bar histogram based on non-destructive
wood density measurements obtained with a Resistograph, IML Resi PD400 (IML System
GmbH, Wiesloch, Germany). From these classes, trees were randomly selected at both
sites. Trees exhibiting defects (e.g., multiple stems, termite damage, or decayed cores) were
excluded. A total of 30 trees were selected from Kilu Impini 64 and 28 trees from Yapilika
28, ensuring representation across all genotype groups and density classes (Table 2). While
six trees were targeted per group per site, only five trees were selected for each of the F1
hybrid groups on Yapilika 28 due to limited population sizes. This limited replication
was the result of resource constraints and the need to balance sampling intensity with
destructive harvesting and detailed processing. Nevertheless, the sampling design was
structured to maximize representation across genotype and density classes while ensuring
adequate phenotypic coverage for trait analysis. At 10 years of age, the selected trees were
felled, and basal discs (~50 mm thick) were collected at 100 mm above ground level. The
discs were placed in sealed plastic bags and stored in insulated cooler boxes for transport.

Dimensional stability (shrinkage) was assessed according to the methods described by
Kingston and Risdon [36], which outline best practices for evaluating shrinkage from the
green state to specified moisture levels under controlled environmental conditions. Each
green disc was processed into 2 tangential and radial shrinkage samples per tree, with
nominal dimensions of 25 mm (thickness) × 100 ± 2 mm (length) × 25 mm (width), as
shown in Figure 1. Samples were labeled by anatomical orientation and sealed in plastic
bags to minimize moisture loss before initial measurements. Dimensions were measured
using digital calipers (precision ±0.01 mm) and weight was recorded using a digital balance
(precision ±0.01 g).

Figure 1. Collection of tangential and radial samples from a disc.

After machining, green samples were conditioned to 17% moisture content (MC) at
23 ◦C and 85% relative humidity (RH) in a conditioning chamber until equilibrium moisture
content (EMC) was reached. Weight and dimensions were recorded. Samples were then
conditioned to 12% MC at 23 ◦C and 65% RH, with measurements repeated at EMC. The
samples were reconditioned in an autoclave to relieve stress, after which samples were
returned to 12% MC and then conditioned to 5% MC at 30 ◦C and 55% RH. Measurements
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were taken after reaching EMC at each stage. Finally, the samples were oven-dried at 103 ◦C
for 24 h. Shrinkage (SH) was calculated at 17% MC, 12% MC before reconditioning (BR),
12% MC after reconditioning (AR), and 5% MC. Shrinkage (SH) at each moisture level was
calculated using the following:

SH(%) =
Id − Fd

Id
(1)

where Id is the initial dimension at the green stage (mm), and Fd is the final dimension at
any moisture content (mm).

Unit shrinkage was calculated between 12% MC and 5% MC as shown below:

US(%) =
∆D

∆MC
(2)

where ∆D is the change in dimension (%) and ∆MC is the change in moisture content.
The density of wood samples was determined according to ASTM D2395 [37] based on

precise dimensional measurements (length, width, thickness) and mass. The weight and vol-
ume of the samples were measured in both green and oven-dry conditions. Green density
(ρmax), oven-dry density (ρo), and basic density (ρb) were calculated using the following:

ρmax =
mmax

Vmax
(3)

where mmax is the green mass of the test piece (kg) and Vmax is the green volume of the test
piece (m3).

ρo =
mo

Vo
(4)

where mo is the dry mass of the test piece (kg), and Vo is the oven-dried volume of the test
piece (m3).

ρb =
mo

Vmax
(5)

2.4. Correlation Between Physical Property, Growth, and Chemical Property Traits

Growth traits, total height, and diameter at breast height (DBH) were measured at
age 10 prior to harvesting. DBH was recorded at 1.3 m using a diameter tape, and total
height was measured using a Nikon Forestry Pro II laser rangefinder, following standard
field protocols across both sites. Chemical traits were assessed using near-infrared spec-
troscopy (NIRS). Wood chips were collected from the outer stem behind the cambium at
breast height (±130 cm), oven-dried, and milled to obtain 16-mesh woodmeal. Approx-
imately 1 g of each sample was scanned using a Bruker MPA FT-NIR instrument across
the 4000–10,000 wavenumber range. Calibrations for Klason lignin, total lignin, cellulose,
extractives, and kraft pulp yield (KPY) were developed using partial least squares regres-
sion (PLSR) with the Bruker QUANT package within the OPUS 5.5 software (Bruker Optik,
Ettlingen, Germany) following protocols by Poke and Raymond [38] and Downes et al. [39].
Models with R2 > 0.80 and residual predictive deviation (RPD) > 2.0 were retained. Box
plots were used to evaluate data distribution and detect outliers, and traits showed approx-
imately normal distributions with linear relationships. Pearson correlation analysis was
performed using individual tree-level data (n = 58) to assess relationships among growth,
chemical, and physical wood traits. Understanding the correlation between these traits
provides key insights into how growth and chemical properties influence physical traits
(Table 3), which are essential determinants of wood suitability for various applications.
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Table 3. Physical properties, growth traits, and chemical component traits abbreviations.

Abbreviations Full Meaning

Physical properties traits
Sh17_T Shrinkage from green to 17% MC in tangential direction
Sh17_R Shrinkage from green to 17% MC in radial direction

Sh12BR_T Shrinkage from green to 12% MC before reconditioning in tangential direction
Sh12BR_R Shrinkage from green to 12% MC before reconditioning in radial direction
Sh12AR_T Shrinkage from green to 12% MC after reconditioning in tangential direction
Sh12AR_R Shrinkage from green to 12% MC after reconditioning in radial direction

Sh5_T Shrinkage from green to 5% MC in tangential direction
Sh5_R Shrinkage from green to 5% MC in radial direction
US_T Unit shrinkage in tangential direction
US_R Unit shrinkage in radial direction
GD_T Green density at tangential direction
GD_R Green density in radial direction
OD_T Oven-dry density in tangential direction
OD_R Oven-dry density in radial direction
BD_T Basic density in tangential direction
BD_R Basic density in radial direction

Growth traits
Ht Height

Dbh_t Diameter at breast height measured with tape
Dbh_r Diameter at breast height measured with Resistograph

Chemical component traits
KPY Kraft pulp yield
TL Total lignin
KL Klason lignin
Ext Extractives
Cel Cellulose

2.5. Assessment of Phenotypic Variation and Genetic Association

Phenotypic shrinkage data were first analyzed using mixed linear models (MLMs) in R
(version 4.3.3) to evaluate the effects of hybrid group and plantation sites. Hybrid group and
plantation sites were treated as fixed effects, and individual tree was modeled as a random
effect, allowing for the assessment of phenotypic variation across genetic backgrounds
and environments. An SNP-based genetic association analysis was then conducted using
shrinkage and density observations from 58 trees, combined with approximately 5500 SNPs
generated using the E. pellita marker panel developed by Gondwana Genomics [40]. SNPs
with multiple mutations or a minor allele frequency (MAF) below 0.10 were filtered using
TASSEL (version 5.2.93), resulting in a final dataset of approximately 3000 high-quality
SNPs. The MAF threshold was selected to minimize the inclusion of rare alleles and
improve statistical power, given the limited sample size. The association analysis was
implemented using the GAPIT (version 3) R package with the BLINK method [41,42],
which iteratively includes associated markers as covariates and re-tests for significance
to reduce false positives caused by cryptic relatedness. To control population structure
and relatedness, a kinship matrix was generated using the VanRaden method, and the
first three principal components (PCs) derived from the SNP marker matrix were included
as covariates. These PCs were selected based on scree plot inspection and collectively
explained 38.6% of the total genetic variance. Population origin group was also included
using binary indicator variables, with the last group omitted to avoid linear dependence.
Missing genotype data were imputed using the major allele method available in GAPIT.
Multiple testing was controlled using the Benjamini–Hochberg false discovery rate (FDR)
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correction [43], with significance set at an adjusted p < 0.05. SNP positions were aligned
to the Eucalyptus grandis reference genome version 2.0 (Phytozome), which serves as a
pseudo-reference due to its high synteny with E. pellita.

3. Results and Discussion
3.1. Phenotypic Variation in Shrinkage Property Traits

The hybrids evaluated in this study comprised first-generation (F1) crosses between
Eucalyptus pellita and either E. urophylla or E. brassiana, as well as backcrosses (BCs) produced
by crossing the F1 progeny back to E. pellita.

Results showed significant variation in shrinkage, with values higher in the tangential
direction than in the radial direction for all hybrids, as expected (Table 4). This reflects
the anisotropic nature of wood; the tangential shrinkage tends to be greater due to the
arrangement of fibers, orientation of ray cells, and the influence of growth rings. These
anatomical features limit movement in the radial direction more than the tangential, leading
to the observed directional differences [14]. At KI64, E. pellita × E. urophylla (F1) had the
lowest unit shrinkage (0.16% T, 0.08% R) with confidence interval of 0.11%–0.22% at T
and 0.01%–0.15% at R (Table A1). The highest shrinkage in the tangential direction was in
E. pellita × E. brassiana (F1) (0.21%), and in the radial direction, E. pellita had the highest
(0.18%). At YP28, E. pellita × E. brassiana (F1) had the lowest unit shrinkage (0.11% T, 0.09%
R) with confidence interval of 0.07%–0.15% at T and 0.01%–0.16% at R (Table A1). The
highest unit shrinkage in the tangential direction was in E. pellita × E. brassiana (BC) (0.22%),
and in the radial direction, E. pellita × E. urophylla (F1) had the highest (0.18%).

Table 4. Means, LSD, and p-values for shrinkage values among the hybrids at Kilu Impini 64 (KI64)
and Yapilika 28 (YP28), and the combined plantation sites.

Plantation Sites/Hybrids Green to 17%
(%)

Green to 12% BR
(%)

Green to 12%
AR (%)

Green to 5%
(%)

Unit Shrinkage
(%)

T R T R T R T R T R

KI64

E. pellita 2.31 a

(0.56)
1.20 a

(0.24)
4.00 a

(0.57)
2.16 a

(0.41)
3.00 a

(0.54)
1.45 a

(0.40)
6.14 a

(0.44)
4.67 a

(0.63)
0.20 a

(0.02)
0.18 a

(0.02)

E. pellita × E. brassiana (BC) 3.86 a

(0.62)
1.60 a

(0.29)
5.27 a

(0.62)
2.71 a

(0.49)
4.34 a

(0.61)
2.34 a

(0.47)
6.67 a

(0.47)
4.58 a

(0.74)
0.19 a

(0.02)
0.15 a

(0.03)

E. pellita × E. brassiana (F1) 4.09 a

(0.71)
1.75 a

(0.26)
5.70 a

(0.75)
3.30 a

(0.44)
4.26 a

(0.69)
2.60 a

(0.43)
7.49 a

(0.59)
4.79 a

(0.68)
0.21 a

(0.02)
0.13 a

(0.03)

E. pellita × E. urophylla (BC) 2.33 a

(0.54)
1.49 a

(0.22)
3.95 a

(0.55)
2.95 a

(0.38)
2.96 a

(0.52)
2.02 a

(0.36)
5.76 a

(0.43)
4.09 a

(0.58)
0.19 a

(0.02)
0.13 a

(0.02)

E. pellita × E. urophylla (F1) 3.48 a

(0.65)
1.42 a

(0.30)
5.05 a

(0.68)
2.36 a

(0.51)
4.05 a

(0.63)
1.99 a

(0.49)
6.65 a

(0.53)
3.27 a

(0.77)
0.16 a

(0.02)
0.08 a

(0.03)

LSD (p = 0.05) 2.14 0.85 2.18 1.45 2.08 1.40 1.69 2.22 0.07 0.10
LSD (p = 0.05)—Tukey 3.15 1.22 3.16 2.08 3.06 2.01 2.42 3.18 0.10 0.14

p-value 0.15 0.62 0.23 0.41 0.27 0.41 0.20 0.60 0.68 0.24
YP28

E. pellita 2.01 a

(0.42)
1.42 a

(0.17)
3.54 a

(0.41)
2.56 a

(0.26)
2.86 a

(0.37)
2.13 a

(0.26)
6.04 a

(0.34)
4.69 a

(0.47)
0.21 a

(0.01)
0.15 a

(0.03)

E. pellita × E. brassiana (BC) 3.29 a

(0.55)
1.36 a

(0.21)
4.88 a

(0.51)
2.51 a

(0.33)
3.11 a

(0.44)
1.87 a

(0.31)
6.93 a

(0.43)
3.54 a

(0.56)
0.22 a

(0.01)
0.11 a

(0.03)

E. pellita × E. brassiana (F1) 6.83 b

(0.78)
3.01 b

(0.21)
8.06 b

(0.75)
4.21 a

(0.33)
7.09 b

(0.67)
3.84 a

(0.31)
8.70 b

(0.64)
4.56 a

(0.56)
0.11 b

(0.02)
0.09 a

(0.03)

E. pellita × E. urophylla (BC) 2.30 a

(0.46)
1.29 a

(0.18)
3.92 a

(0.45)
2.68 a

(0.27)
2.99 a

(0.41)
2.28 a

(0.28)
6.28 a

(0.38)
4.59 a

(0.51)
0.22 a

(0.01)
0.16 a

(0.03)

E. pellita × E. urophylla (F1) 3.63 a

(0.55)
1.57 a

(0.39)
4.88 a

(0.53)
2.44 a

(0.60)
3.94 a

(0.47)
2.14 a

(0.62)
6.47 a

(0.45)
4.85 a

(1.21)
0.16 a

(0.01)
0.18 a

(0.06)
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Table 4. Cont.

Plantation Sites/Hybrids Green to 17%
(%)

Green to 12% BR
(%)

Green to 12%
AR (%)

Green to 5%
(%)

Unit Shrinkage
(%)

T R T R T R T R T R

LSD (p = 0.05) 2.00 0.94 1.93 1.44 1.72 1.46 1.63 2.65 0.05 0.15
LSD (p = 0.05)—Tukey 2.88 1.35 2.78 2.08 2.49 2.11 2.35 3.84 0.07 0.22

p-value 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.55 0.00 0.45

Plantation combined

E. pellita 2.16 a

(0.28)
1.33 a

(0.29)
3.74 a

(0.30)
2.38 a

(0.31)
2.93 a

(0.30)
1.86 a

(0.32)
6.03 a

(0.33)
4.60 a

(0.34)
0.20 a

(0.01)
0.16 a

(0.02)

E. pellita × E. brassiana (BC) 3.64 b

(0.29)
1.48 a

(0.31)
5.32 b

(0.31)
2.60 a

(0.33)
3.91 b

(0.32)
2.16 a

(0.33)
7.03 a

(0.34)
4.05 a

(0.36)
0.20 a

(0.02)
0.13 a

(0.02)

E. pellita × E. brassiana (F1) 5.15 c

(0.38)
2.33 a

(0.29)
6.55 c

(0.41)
3.72 b

(0.31)
5.34 c

(0.41)
3.15 a

(0.32)
8.00 b

(0.45)
4.64 a

(0.34)
0.19 a

(0.02)
0.11 a

(0.02)

E. pellita × E. urophylla (BC) 2.34 a

(0.29)
1.42 a

(0.29)
3.96 a

(0.31)
2.85 a

(0.31)
3.02 a

(0.31)
2.17 a

(0.31)
6.03 a

(0.34)
4.40 a

(0.34)
0.21 a

(0.02)
0.14 a

(0.02)

E. pellita × E. urophylla (F1) 3.52 b

(0.29)
1.15 a

(0.42)
4.84 b

(0.33)
2.14 a

(0.46)
4.07 b

(0.34)
1.81 a

(0.46)
6.49 a

(0.36)
3.41 a

(0.50)
0.16 a

(0.02)
0.11 a

(0.02)

LSD (p = 0.05) 0.97 1.03 1.04 1.11 1.04 1.11 1.13 1.21 0.05 0.05
LSD (p = 0.05)—Tukey 1.36 1.45 1.46 1.56 1.45 1.55 1.59 1.69 0.07 0.07

Site 0.15 0.31 0.14 0.36 0.96
Hybrid 0.00 0.00 0.00 0.08 0.28
Position 0.00 0.00 0.00 0.00 0.00

Site × Hybrid 0.03 0.18 0.04 0.70 0.25
Site × Position 0.79 0.92 0.75 0.61 0.71

Hybrid × Position 0.00 0.00 0.04 0.00 0.33
Site × Hybrid × Position 0.50 0.49 0.45 0.38 0.17

F1: first-generation hybrid; BC: backcross; BR: Before reconditioning; AR: After reconditioning; T: Tangential;
R: Radial. Level of significance (p < 0.05), Confidence level used = 0.95, hybrids that are not significantly different
from each other have the same letter, while hybrids that are significantly different from each other have different
letters (based on the Tukey LSD).

Shrinkage is critical in determining wood quality, especially for structural applications
exposed to varying moisture conditions [14]. Tangential shrinkage is more pronounced
than radial shrinkage, leading to differential stresses and increasing the likelihood of
deformation [44]. Evaluating both directions reveals wood stability under varying moisture
conditions, crucial for product performance. Shrinkage from green to 17% MC occurs as
free and bound water is removed. Bound water is lost below the fiber saturation point
(FSP), marking the start of shrinkage and indicating initial drying stability [45].

For shrinkage from green to 17% MC, values ranged from 2.16% to 5.15% in the T
direction, with E. pellita showing the lowest shrinkage, and from 1.15% to 2.33% in the R
direction. Significant differences were observed among hybrids for shrinkage from green
to 17% MC, 12% BR, and 12% AR in both T and R directions at the YP28 site. At KI64, no
significant differences were found.

The Tukey test at YP28 revealed significant differences. E. pellita × E. brassiana (F1) had
higher shrinkage than other hybrids in both tangential and radial directions for shrinkage
from green to 17% MC. It also showed significantly higher shrinkage at 12% BR, 12%
AR, and 5% MC. Other hybrids, like E. pellita, E. pellita × E. brassiana (BC), E. pellita × E.
urophylla (BC), and E. pellita × E. urophylla (F1), had no significant differences (Table 4).

Assessing shrinkage at 12% BR and AR is crucial for understanding the wood’s di-
mensional stability during drying. Shrinkage BR provides insights into contraction under
standard drying conditions, while shrinkage AR reflects the wood’s ability to recover from
internal stress, improving stability and reducing defects [35,36]. Shrinkage from green to
12% AR is lower compared to 12% BR, indicating stress relief and improved dimensional
stability. Tangential shrinkage exceeding 5%, an industry threshold for acceptable dimen-
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sional stability, is generally considered to increase the risk of warping in structural wood [6].
In this study, tangential shrinkage values observed for some hybrids, particularly at 12%
moisture content, were below this threshold, indicating improved dimensional stability.
Shrinkage at 5% MC helps evaluate wood performance in low-humidity environments.
Unit shrinkage ranged from 0.16% to 0.21% in the T direction and 0.11% to 0.16% in the
R direction. E. pellita × E. urophylla (F1) had the lowest shrinkage. These values were
lower than those reported for older trees [12,46] and those reported by WoodSolutions [47],
suggesting the effect of age on shrinkage.

Across sites, F1 hybrids, especially those with E. urophylla genetics, showed lower
unit shrinkage than BCs and parent trees, suggesting a potential benefit of incorporating E.
urophylla genetics for improving dimensional stability. Within KI64, no significant differ-
ences in shrinkage were observed among genotype groups, indicating that the relatively
uniform environmental conditions at this site may have masked genetic effects. This site is
characterized by deep red and yellow sandy soils (>2 m), which likely provide consistent
drainage and moisture availability, potentially reducing environmental stress and limiting
the expression of genotype-specific traits. In contrast, greater variability in shrinkage was
observed at YP28, where some differences among genotype groups were more apparent.
The site’s underlying Moonkinu Member sandstone (>3 m) may lead to more heterogeneous
moisture and nutrient availability, creating conditions where genetic differences are more
readily expressed. Although both sites receive similar annual rainfall (1200–1400 mm), the
contrasting soil profiles likely influence growth dynamics and wood formation. These
findings suggest that the expression of shrinkage traits is context-dependent and may
be more detectable under variable or suboptimal site conditions. When data from both
sites were analyzed collectively (Table 4), hybrid effects remained significant, indicating
consistent genetic influence on shrinkage across the environment. However, the overall
site effect was not significant (e.g., p = 0.959 for unit shrinkage), likely due to opposing or
neutralizing hybrid responses across sites, which masked any main environmental effect.

A study conducted in South Asia (tropical climate) reported tangential and radial
shrinkage of 5.15% and 3.35% in 12-year-old E. brassiana at 12% MC, increasing to 7.57% and
5.80% under oven-dry conditions [48,49]. These values are comparable to those observed
for E. pellita × E. brassiana in this study, suggesting similar anatomical traits such as cell
wall thickness and microfibril angle (MFA), which influence transverse shrinkage. In
contrast, E. urophylla grown in tropical/subtropical climates exhibited higher shrinkage
(10.34% tangential, 6.50% radial) [50] than E. pellita × E. urophylla hybrids. This may be
due to species-specific differences in MFA, growth rate, or cell wall development, with
hybrids potentially inheriting more stable traits from E. pellita. Interestingly, shrinkage
values reported for 11-year-old E. urophylla and E. urophylla × E. grandis from temperate
regions [51] were closely aligned with those observed for E. pellita × E. urophylla in this
study. This similarity may reflect the effects of slower growth and higher wood density
commonly associated with cooler climates. In addition, the superior dimensional stability
observed in E. pellita × E. urophylla may be attributed to hybrid vigor, which can result in
improved wood properties compared to the parental species. Hybrid vigor (heterosis) often
enhances traits such as growth, wood quality, and adaptability, making hybrids valuable
candidates for both breeding and commercial applications. The study also highlighted that
unit shrinkage in eucalypts is governed by cell wall proportion, microfibril angle (MFA),
and double fiber wall thickness. Meanwhile, total shrinkage is influenced by cell wall
proportion, ray parenchyma content, and MFA, whereas residual shrinkage is particularly
affected by the proportion of ray parenchyma [51]. These results underscore that shrinkage
variation in Eucalyptus hybrids is shaped by genetic factors, growing environment, wood
maturity, and underlying anatomical structures.



Forests 2025, 16, 1301 11 of 29

Differences in shrinkage from green to 12% MC before (BR) and after reconditioning
(AR) have important implications for wood processing. Shrinkage during initial drying
(BR) is influenced by anatomical features such as cell wall thickness, microfibril angle
(MFA), and moisture retention capacity [52,53]. Juvenile wood, usually characterized by
higher MFA and thinner fiber walls, tends to shrink more. After reconditioning, shrinkage
at 12% MC (AR) is typically reduced due to partial stress relief and moisture redistribution.
Ray parenchyma may also contribute by aiding internal stress recovery. Reconditioning
improves dimensional stability, reduces defects, and enhances product quality [54–57]. In
summary, understanding shrinkage behavior before and after reconditioning offers insights
for improving wood quality, stability, and suitability across a wide range of applications.

3.2. Green Density, Oven-Dry Density, and Basic Density

At the KI64 site, green density (GD) ranged from 1044 kg/m3 (E. pellita) to 1156 kg/m3

(E. pellita × E. brassiana (BC)), and oven-dry density (OD) ranged from 587 kg/m3 (E. pellita
× E. urophylla (BC)) to 781 kg/m3 (E. pellita × E. brassiana (F1)). Basic density (BD) ranged
from 531 kg/m3 (E. pellita) to 643 kg/m3 (E. pellita × E. brassiana (BC)). At YP28, GD ranged
from 1041 kg/m3 (E. pellita) to 1155 kg/m3 (E. pellita × E. brassiana (BC)), OD ranged from
582 kg/m3 (E. pellita) to 765 kg/m3 (E. pellita × E. brassiana (BC)), and BD ranged from
526 kg/m3 (E. pellita) to 638 kg/m3 (E. pellita × E. brassiana (BC)). Although E. pellita ×
E. brassiana (BC) consistently exhibited the highest density values across both sites, no
significant differences were detected among hybrids within each site (p > 0.05), as shown in
Table 5.

Table 5. Means, LSD, and p-values for density values among the hybrids at Kilu Impini 64 (KI64) and
Yapilika 28 (YP28), and the combined plantation sites.

Plantation Sites/Hybrids Green Density (kg/m3) Oven-Dry Density (kg/m3) Basic Density (kg/m3)

T R T R T R

KI64

E. pellita 1085.00 a

(24.40)
1044.00 a

(16.60)
701.00 a

(33.80)
589.00 a

(28.80)
593.00 a

(26.80)
531.00 a

(24.60)

E. pellita × E. brassiana (BC) 1156.00 a

(25.90)
1085.00 a

(19.50)
766.00 a

(34.80)
647.00 a

(32.80)
643.00 a

(27.90)
573.00 a

(27.80)

E. pellita × E. brassiana (F1) 1136.00 a

(33.40)
1090.00 a

(17.90)
781.00 a

(47.20)
626.00 a

(33.30)
627.00 a

(37.20)
553.00 a

(28.60)

E. pellita × E. urophylla (BC) 1087.00 a

(23.80)
1058.00 a

(15.10)
695.00 a

(33.80)
587.00 a

(26.30)
588.00 a

(26.50)
534.00 a

(22.40)

E. pellita × E. urophylla (F1) 1093.00 a

(29.40)
1069.00 a

(20.30)
693.00 a

(40.20)
605.00 a

(36.60)
571.00 a

(32.10)
545.00 a

(31.30)

LSD (p = 0.05) 93.64 58.12 129.40 110.15 102.65 93.85
LSD (p = 0.05)—Tukey 134.15 83.30 184.90 160.85 146.75 136.75

p-value 0.23 0.35 0.36 0.60 0.41 0.81

YP28

E. pellita 1103.00 a

(22.20)
1041.00 a

(19.80)
682.00 a

(28.80)
582.00 a

(24.30)
579.00 a

(22.00)
526.00 a

(20.00)

E. pellita × E. brassiana (BC) 1155.00 a

(23.80)
1114.00 a

(23.60)
765.00 a

(33.40)
673.00 a

(29.40)
638.00 a

(26.40)
599.00 a

(24.40)

E. pellita × E. brassiana (F1) 1108.00 a

(35.90)
1065.00 a

(23.70)
742.00 a

(51.20)
631.00 a

(29.50)
596.00 a

(40.10)
551.00 a

(24.50)

E. pellita × E. urophylla (BC) 1120.00 a

(23.60)
1056.00 a

(21.30)
750.00 a

(31.60)
619.00 a

(26.00)
620.00 a

(24.20)
551.00 a

(21.3)

E. pellita × E. urophylla (F1) 1117.00 a

(25.40)
1104.00 a

(46.90)
716.00 a

(35.50)
663.00 a

(57.20)
606.00 a

(27.80)
591.00 a

(47.00)
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Table 5. Cont.

Plantation Sites/Hybrids Green Density (kg/m3) Oven-Dry Density (kg/m3) Basic Density (kg/m3)

T R T R T R

LSD (p = 0.05) 93.50 111.21 131.62 135.95 102.75 111.85
LSD (p = 0.05)—Tukey 135.40 160.55 189.90 196.10 148.05 181.30

p-value 0.50 0.21 0.37 0.22 0.52 0.24

Plantation sites combined

E. pellita 1090.00 a

(13.90)
1038.00 a

(14.40)
685.00 a

(19.30)
583.00 a

(19.70)
583.00 a

(15.20)
527.00 a

(15.50)

E. pellita × E. brassiana (BC) 1162.00 b

(14.60)
1103.00 a

(15.10)
788.00 b

(20.20)
666.00 a

(20.60)
651.00 a

(15.90)
591.00 a

(16.30)

E. pellita × E. brassiana (F1) 1135.00 b

(18.50)
1084.00 a

(14.60)
764.00 a

(23.60)
628.00 a

(20.20)
615.00 a

(19.10)
552.00 a

(15.90)

E. pellita × E. urophylla (BC) 1109.00 a

(14.40)
1057.00 a

(14.40)
726.00 a

(21.90)
604.00 a

(21.90)
607.00 a

(17.10)
543.00 a

(17.10)

E. pellita × E. urophylla (F1) 1124.00 a

(15.50)
1082.00 a

(20.50)
736.00 a

(21.40)
627.00 a

(25.80)
612.00 a

(16.80)
564.00 a

(20.90)

LSD (p = 0.05) 47.55 50.35 64.38 67.52 51.16 53.86
LSD (p = 0.05)—Tukey 66.67 70.57 90.45 94.80 71.83 75.55

Site 0.36 0.63 0.69
Hybrid 0.01 0.03 0.06
Position 0.00 0.00 0.00

Site × Hybrid 0.86 0.83 0.91
Site × Position 0.95 0.34 0.35

Hybrid × Position 0.95 0.69 0.96
Site × Hybrid × Position 0.262 0.416 0.540

F1: first-generation hybrid; BC: backcross hybrid; T: Tangential; R: Radial. Level of significance (p < 0.05),
Confidence level used = 0.95, hybrids that are not significantly different from each other have the same letter,
while hybrids that are significantly different from each other have different letters (based on the Tukey LSD).

In summary, GD ranged from 1038 kg/m3 to 1162 kg/m3, OD ranged from 583 kg/m3

to 688 kg/m3, and BD ranged from 527 kg/m3 to 651 kg/m. The 95% confidence intervals
for these values are presented in Table A2. These values align with those reported for E.
pellita in Borneo, Malaysia [58,59]. The hybrid E. pellita × E. brassiana (BC) exhibited the
highest values for green, oven-dry, and basic densities. F1 hybrids had smaller sample
sizes but tended to show intermediate to high-density values. The E. brassiana BC and F1
hybrids consistently had higher densities, suggesting a positive contribution of E. brassiana
genetics to wood density.

The hybrid-specific basic density ranges observed in this study, from 527 kg/m3

(E. pellita) to 651 kg/m3 (E. pellita × E. brassiana hybrids), have practical implications
for both dimensional stability and wood processing. Higher density, as exhibited by E.
brassiana BC and F1 hybrids, is typically associated with greater strength and stiffness,
which improves performance in structural applications and can enhance resistance to
shrinkage-related deformation. However, higher-density wood may require slower and
more controlled drying to minimize internal stress, checking, or collapse. In contrast, lower-
density hybrids may dry and machine more easily but could be more prone to warping
or reduced mechanical performance [53,60]. These findings underscore the importance of
tailoring processing protocols, such as drying schedules, sawing strategies, and end-use
decisions, based on the density profiles of individual hybrid groups.

When data from both sites were analyzed together (Table 5), hybrid effects on wood
density were statistically significant (p < 0.05), indicating a consistent genetic influence.
In contrast, site effects were not significant (e.g., p = 0.06 for basic density), suggesting
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similar average densities across locations. Although some hybrid combinations showed
higher density values, the differences were modest, with overlapping confidence intervals
(e.g., 522.00–606.00 for E. pellita × E. urophylla (F1)), implying limited biological importance.
These findings indicate that genetic variation had a greater influence on wood density than
site conditions, consistent with the results reported by Li et al. [61].

These results have practical implications for tree selection and plantation management.
E. pellita × E. brassiana hybrids, which showed higher density, may be more suitable
for producing high-strength timber for structural uses such as construction and flooring.
Conversely, hybrids with lower density, like E. pellita and E. pellita × E. urophylla, are
more suitable for applications where lightweight wood is preferred. The lack of significant
differences at individual sites highlights the role of environmental factors in influencing
wood properties. However, even slight density variations among hybrids can affect drying
and machining in certain processing contexts. While these differences may not require major
changes to industrial practices, recognizing them can still support process optimization.
Environmental influence also suggests density is mainly controlled by genetics, making it a
reliable trait for selection and improvement [39,62–64].

3.3. Phenotypic Correlation

Pearson correlation analysis was conducted to examine relationships among physical,
growth, and chemical traits. This provides insights into factors influencing wood suitability
for industrial applications. The correlation matrix (Table 6) and heatmap (Figure 2) highlight
strong positive correlations between shrinkage and density. Additionally, it shows negative
correlations between shrinkage and both growth traits and some chemical components (TL,
KL, and Ext. Sh12BR_T and Sh12AR_T were positively correlated with OD_T (p = 0.02),
while Sh5_T showed significant correlations with GD_R (p = 0.03), OD_T (p = 0.00), OD_R
(p = 0.00), and BD_R (p = 0.02). Similarly, Sh5_R correlated with OD_T (p = 0.04), OD_R
(p = 0.01), and BD_R (p = 0.04).

Unit shrinkage in the tangential (US_T) and radial (US_R) directions also demonstrated
associations with multiple density traits. These findings underscore the impact of density on
dimensional changes during drying, which has important implications for processing and
plantation management [60]. High-density wood is more prone to shrinkage, necessitating
advanced drying techniques to minimize defects. The observed correlations reinforce the
well-established relationship between wood density and shrinkage. This is critical for
dimensional stability in industrial applications [54,65–67].

The significant correlations between shrinkage and growth traits suggest that faster-
growing eucalyptus trees tend to exhibit higher shrinkage. US_T was strongly correlated
with Ht (p = 0.00), Dbh_t (p = 0.00), and Dbh_r (p = 0.00), while US_R correlated with
Ht (p = 0.04). Additionally, BD_R showed a positive correlation with Ht (p = 0.02). This
indicates that taller trees tend to have denser wood in the radial direction, enhancing
mechanical properties for structural applications [68–70]. These findings emphasize the
need for optimized drying schedules to improve stability in fast-growing plantation trees.
Shrinkage traits (Sh12BR_R, ShAR12_R, Sh5_R) also exhibited strong positive correlations
with KPY (p = 0.01–0.04), suggesting that higher shrinkage may be associated with in-
creased pulp yield. Denser wood often contains more cellulose per unit volume, which
contributes to higher pulp recovery [21,71,72]. Positive correlations between shrinkage
traits (Sh12BR_R, ShAR12_R, BD_T) and cellulose indicate that trees with higher cellulose
content may also exhibit greater shrinkage. This influences their suitability for fiber pro-
duction. These insights guide breeding strategies to balance growth, wood stability, and
chemical composition for both solid wood and pulp applications.
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Table 6. Correlation between physical property traits, growth traits, and chemical components at the combined plantation sites.

GD_T GD_R OD_T OD_R BD_T BD_R Ht Dbh_t Dbh_r KPY TL KL Ext Cel

Sh17_T 0.03 0.17 0.18 0.14 0.01 0.07 −0.13 −0.43 * −0.43 * 0.04 −0.10 −0.08 −0.09 0.16
Sh17_R −0.13 0.06 −0.01 0.02 −0.16 −0.05 −0.45 * −0.71 * −0.71 * 0.20 −0.49 * −0.31 * −0.37 * 0.20

Sh12BR_T 0.11 0.20 0.32 * 0.25 0.14 0.17 −0.07 −0.40 * −0.40 * 0.06 −0.08 −0.07 −0.10 0.18
Sh12BR_R −0.16 0.02 0.05 0.08 −0.08 0.01 −0.34 * −0.61 * −0.61 * 0.38 * −0.54 * −0.43 * −0.45 * 0.39 *
Sh12AR_T 0.12 0.19 0.33 * 0.26 0.17 0.18 −0.07 −0.45 * −0.45 * 0.03 −0.04 −0.05 −0.23 0.14
Sh12AR_R 0.06 0.19 0.23 0.28 0.11 0.20 −0.27 −0.56 * −0.56 * 0.36 * −0.45 * −0.40 * −0.44 * 0.30 *

Sh5_T 0.18 0.33 * 0.45 * 0.45 * 0.27 0.36 * 0.08 −0.26 −0.26 0.10 −0.05 −0.02 −0.08 0.19
Sh5_R 0.08 0.13 0.31 * 0.36 * 0.28 0.30 * 0.14 −0.11 −0.11 0.30 * −0.25 −0.26 −0.39 * 0.23
US_T 0.29 * 0.30 * 0.35 * 0.44 * 0.42 * 0.47 * 0.41 * 0.48 * 0.48 * 0.01 0.10 0.10 0.12 −0.08
US_R 0.13 0.07 0.25 0.28 * 0.31 * 0.28 0.30 * 0.27 0.27 0.03 0.13 0.08 −0.05 −0.04
GD_T 0.67 * 0.81 * 0.64 * 0.86 * 0.62 * 0.01 −0.09 −0.09 −0.19 0.17 0.23 0.04 −0.16
GD_R 0.63 * 0.79 * 0.62 * 0.81 * 0.18 0.01 0.01 −0.19 0.01 0.11 0.03 −0.11
OD_T 0.84 * 0.96 * 0.80 * 0.20 −0.07 −0.07 −0.14 0.12 0.20 0.00 −0.09
OD_R 0.80 * 0.98 * 0.27 0.05 0.05 −0.12 0.06 0.13 −0.01 −0.05
BD_T 0.78 * 0.17 −0.02 −0.02 −0.21 0.19 0.28 * 0.05 −0.17
BD_R 0.33 * 0.14 0.14 −0.17 0.15 0.21 0.04 −0.09

* Significant at p ≤ 0.05; Sh17_T: Shrinkage from green to 17% MC in tangential direction; Sh17_R: Shrinkage from green to 17% MC in radial direction; Sh12BR_T: Shrinkage from green
to 12% MC before reconditioning in tangential direction; Sh12BR_R: Shrinkage from green to 12% MC before reconditioning in radial direction; Sh12AR_T: Shrinkage from green to
12% MC after reconditioning in tangential direction; Sh12AR_R: Shrinkage from green to 12% MC after reconditioning in radial direction; Sh5_T: Shrinkage from green to 5% MC in
tangential direction; Sh5_R: Shrinkage from green to 5% MC in radial direction; US_T: Unit shrinkage in tangential direction; US_R: Unit shrinkage in radial direction; GD_T: Green
density at tangential direction; GD_R: Green density in radial direction; OD_T: Oven-dry density in tangential direction; OD_R: Oven-dry density in radial direction; BD_T: Basic density
in tangential direction; BD_R: Basic density in radial direction; Ht: Height; Dbh_t: Diameter at breast height measured with tape; Dbh_r: Diameter at breast height measured with Resi;
KPY: Kraft pulp yield; TL: Total lignin; KL: Klason lignin; Ext: Extractives; Cel: Cellulose.
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Figure 2. Correlation matrix for combined plantation sites between shrinkage properties, density,
growth traits, and chemical components.

Conversely, significant negative correlations were found between shrinkage and both
growth and chemical traits. Sh17_R and Sh12BR_R negatively correlated with Ht (p = 0.00,
0.02), while multiple shrinkage traits (Sh17_T, Sh17_R, Sh12BR_T, Sh12BR_R, Sh12AR_T,
Sh12AR_R) exhibited significant negative correlations with Dbh_t and Dbh_r (p = 0.00
for all). Additionally, Sh17_R, Sh12BR_R, and Sh12AR_R were negatively correlated with
TL, KL, and Ext (p = 0.00–0.03), with Sh5_R also negatively correlated with Ext (p = 0.01).
These trends suggest that fast-growing trees tend to experience lower shrinkage. This
could reduce drying defects but may also indicate lower wood density, impacting me-
chanical performance [73,74]. The negative correlation between shrinkage and chemical
components suggests that wood with higher lignin and extractives may be more dimen-
sionally stable [75,76]. These findings provide early insights into the interplay among
growth, shrinkage, and chemical composition. Breeding programs should aim to optimize
timber quality by mitigating shrinkage while maintaining sufficient density for industrial
applications [14,65].

3.4. Manhattan and Q-Q Plots for Wood Shrinkage and Density Traits

Moderate genetic diversity was observed in the limited population used in this study.
Individual heterozygosity peaked at 0.30–0.35, while most markers showed heterozygosity
between 0.30 and 0.40. Minor allele frequencies peaked at 0.20–0.25, indicating moderate
variation. Manhattan and quantile-quantile (Q-Q) plots illustrate SNP associations with
wood properties. The Manhattan plots (Figures 3 and 4) show associations with shrinkage
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at different moisture content (MC) levels (green to 17%, 12% before reconditioning (BR),
12% after reconditioning (AR), 5%, and unit shrinkage). Figure 5 showed associations with
density traits (GD, OD, BD in tangential (T) and radial (R) directions). Peaks in these plots
indicate varying levels of association.

Figure 3. Manhattan and quantile-quantile (Q-Q) plots showing SNP associations with tangential (T)
and radial (R) shrinkage at green to 17% moisture content (MC), 12% MC before reconditing (BR),
and 12% MC after reconditioning (AR). In the Manhattan plots (left), each red dot represents an
individual SNP, with its genomic position on the x-axis and the –log10(p) value on the y-axis. In the
Q-Q plots (right), blue dots represent observed p-values compared to the expected distribution under
the null hypothesis. The red line indicates the expected distribution.
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Figure 4. Manhattan and quantile-quantile (Q-Q) plots showing SNP associations with tangential
(T) and radial (R) shrinkage at 5% MC, and unit shrinkage. In the Manhattan plots (left), each red
dot represents an individual SNP, with its genomic position on the x-axis and the –log10(p) value on
the y-axis. In the Q-Q plots (right), blue dots represent observed p-values compared to the expected
distribution under the null hypothesis. The red line indicates the expected distribution.

Given the number of SNP-trait comparisons conducted, the risk of false positives
was addressed by applying the Benjamini−Hochberg false discovery rate (FDR) correction
as implemented in the GAPIT analysis pipeline, with significance defined at an adjusted
p-value < 0.05. Of all the traits analyzed, only the SNPs associated with 12% AR (T) ex-
ceeded this corrected significance threshold (Figure 3), indicating a statistically robust
association. Although several other SNPs had low nominal p-values (e.g., p < 0.001), they
did not pass the threshold and are therefore considered suggestive. The Q-Q plots assess
association reliability by comparing observed p-values to expected distributions. Most
SNPs align with the expected trend, suggesting minimal confounding effects. However,
deviations in 12% AR (T) reinforce its strong association, while green density (R) and
oven-dry density (T and R) show weaker but potential genetic signals.
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Figure 5. Manhattan and quantile-quantile (Q-Q) plots showing SNP associations with wood density
traits (green density, oven-dry density, and basic density at the tangential (T) and radial (R) directions).
In the Manhattan plots (left), each red dot represents an individual SNP, with its genomic position on
the x-axis and the –log10(p) value on the y-axis. In the Q-Q plots (right), blue dots represent observed
p-values compared to the expected distribution under the null hypothesis. The red line indicates the
expected distribution.
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The combined analysis of Manhattan and Q-Q plots suggests that while many SNPs
exhibit strong associations with shrinkage and density traits, only a limited number surpass
the significance threshold. These preliminary findings point to potential genomic regions
that may influence wood dimensional stability and density. However, the relatively small
sample size in this study may limit statistical power, as previous studies with larger
datasets have reported stronger associations [17,77,78]. For instance, Ballesta et al. [77]
utilized a sample size of over 400 individuals to identify robust genetic associations with
wood properties, while Tan and Ingvarsson [17] carried out their study on sample sizes
exceeding 500 individuals. Given this limitation, the current results should be interpreted
as exploratory, providing a basis for future studies with larger, well-replicated populations
and multi-environment trials to enable more robust quantitative genetic analysis and
multi-trait selection strategies.

3.5. Marker Identification for Wood Property Traits

The SNP-based genetic analysis was exploratory; given the modest sample size, it
enabled the preliminary identification of SNPs potentially associated with shrinkage and
density traits. These findings provide a foundation for future validation in larger and more
diverse populations. Only SNP2554 for 12% AR (T) exceeded the significance threshold;
however, the top five SNPs for each trait (based on the lowest p-values) were identified.
SNPs that appeared in multiple traits are summarized in Tables 7 and 8. While these did
not meet the strict threshold, they may still represent biological relevance given the small
sample size and complex trait architecture. These findings provide a useful starting point
for future validation and candidate gene exploration, though they should be interpreted
with caution. Table 7 lists the SNPs associated with shrinkage traits, including their
alleles, population structure positions (Pos), p-values (p < 0.001 and p < 0.01), minor allele
frequency (MAF), allelic effects and the nearest gene. All significant SNPs identified
were located on Chromosome 1, reflecting the design of the SNP panel developed by
Gondwana Genomics, which targets this chromosome. Several SNPs were consistently
linked to shrinkage and density across moisture levels and directions. SNP4963 was a key
marker as it was associated with shrinkage at 17% MC, 12% BR, and unit shrinkage in the
tangential direction (p < 0.001). SNP4976 and SNP4979 were also linked to these traits, both
with p < 0.001, suggesting a role in dimensional stability (Table 7). In the radial direction,
SNP1641 was associated with shrinkage at 12% BR (p = 0.002) and 12% AR (p = 0.001).
SNP2256 also showed significant associations (p = 0.002 and p < 0.001). SNP117 was linked
to shrinkage at 5% MC (p < 0.001) and unit shrinkage (p < 0.001).

For density traits, SNP2981 showed significant associations with green density
(p < 0.001), oven-dry density (p = 0.002), and basic density (p = 0.001) in the tangential
direction. SNP3459 and SNP4216 were also linked to oven-dry and basic density in the
tangential direction. In the radial direction, SNP2507, SNP2508, and SNP2509 were the
most significant markers for oven-dry density (p = 0.001) and basic density (p < 0.001)
(Table 8). The presence of certain SNPs across multiple traits and directions suggests a
broader influence on wood properties. For example, SNP4963 was associated with sev-
eral shrinkage traits in the tangential direction. Similarly, SNP4976 and SNP4979 were
linked to shrinkage at different moisture levels. SNP2981, SNP3459, and SNP4216 showed
strong links to green density. Wood density affects mechanical properties and end-use
applications [74,79]. These findings align with previous studies on genetic markers for
wood density variations [80,81].
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To better understand the potential biological functions of the significant SNPs, we
conducted a functional annotation of nearby genes. Interestingly, all SNPs significantly
associated with wood property traits in this study, including shrinkage at different moisture
levels, unit shrinkage, green density, oven-dry density, and basic density, were located in
the intergenic region near a single gene, Eucgr.A00211. These SNPs were annotated with a
MODIFIER impact, suggesting potential regulatory functions without direct disruption of
coding sequences. Eucgr.A00211 encodes a lipase-containing protein related to the CGI-141
family (PTHR21493:SF110), which is implicated in lipid metabolism and membrane remod-
eling [82]. Although not directly involved in lignin or cellulose biosynthesis, lipase-related
proteins have been linked to cell wall structure and dynamics [83], potentially influenc-
ing water transport, dimensional stability, and cell wall deposition processes. Given its
predicted lipase activity, Eucgr.A00211 may modulate lipid-mediated interactions between
hemicellulose and lignin. Lignin and hemicelluloses form stable linkages via covalent and
hydrogen bonds, which largely determine cell wall strength and water permeability [84].
Changes in the lipid environment may therefore alter the hydrophobicity or flexibility
of the wall matrix, thereby influencing water retention and shrinkage behavior. These
relationships are illustrated in a conceptual diagram (Figure 6), showing how Eucgr.A00211
may influence cell wall properties and shrinkage behavior.

Table 7. Identified Single Nucleotide Polymorphisms (SNPs) associated with shrinkage traits at the
Tangential (T) and Radial (R) directions, including the annotated gene information. All SNPs are
located on Chromosome 1.

Marker
Name Shrinkage Alleles Pos p-Value MAF Allelic

Effect
Nearest

Gene

SNP2554 Green to 12% AR (T) T/C 2554 0.000 ** 0.167 −2.303 Eucgr.A00211

SNP4979
Green to 17% MC (T) A/C 4911 0.000 ** 0.118 −1.996

Green to 12% MC BR (T) A/C 4979 0.000 ** 0.118 −1.888
Unit shrinkage (T) A/C 4979 0.000 ** 0.118 0.080

SNP4963
Green to 17% MC (T) T/A 4908 0.000 ** 0.118 1.996

Green to 12% MC BR (T) T/A 4963 0.000 ** 0.118 1.888
Unit shrinkage (T) T/A 4963 0.000 ** 0.118 −0.080

SNP4976
Green to 17% MC (T) G/A 2975 0.000 ** 0.118 1.996

Green to 12% MC BR (T) G/A 4976 0.000 ** 0.118 1.888
Unit shrinkage (T) G/A 4976 0.000 ** 0.118 −0.080

SNP3575
Green to 12% MC BR (T) C/T 3575 0.000 ** 0.167 1.651

Green to 5% MC (T) C/T 3575 0.002 * 0.167 1.053

SNP3577
Green to 12% MC BR (T) G/T 3577 0.000 ** 0.167 1.651

Green to 5% MC (T) G/T 3577 0.002 * 0.167 1.053

SNP1123
Green to 12% MC BR (R) C/T 1123 0.001 ** 0.204 −1.112

Unit shrinkage (R) C/T 1123 0.002 * 0.204 0.072

SNP1641
Green to 12% MC BR (R) C/G 1641 0.002 * 0.153 0.998
Green to 12% MC AR (R) C/G 1641 0.001 ** 0.153 1.010

SNP2256
Green to 12% MC BR (R) G/A 2256 0.002 * 0.122 0.922
Green to 12% MC AR (R) G/A 2256 0.000 ** 0.122 1.065

SNP3769
Green to 12% MC BR (R) A/G 3769 0.002 * 0.357 −0.702
Green to 12% MC AR (R) A/G 3769 0.003 * 0.357 −0.675

** p < 0.001, * p < 0.01; Pos: SNP position in the population structure; MAF: minor allele frequency; BR (Before
reconditioning); AR (After reconditioning).
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Table 8. Identified Single Nucleotide Polymorphisms (SNPs) associated with density traits at the
Tangential (T) and Radial (R) directions, including the annotated gene information. All SNPs are
located on Chromosome 1.

Marker
Name Density Alleles Pos p-Value MAF Allelic

Effect
Nearest

Gene

SNP2981
Green density (T) G/T 2981 0.000 ** 0.098 69.245 Eucgr.A00211
Basic density (T) G/T 2981 0.001 ** 0.098 70.362

Oven-dry density (T) G/T 2981 0.002 * 0.098 78.225

SNP1864
Green density (T) G/A 1864 0.001 ** 0.461 35.893

Oven-dry density (T) G/A 1864 0.005 * 0.461 40.701
Basic density (T) G/A 1864 0.003 * 0.461 34.975

SNP3459
Oven-dry density (T) G/A 3459 0.002 * 0.333 −46.823

Basic density (T) G/A 3459 0.001 ** 0.333 −39.114

SNP4216
Oven-dry density (T) A/T 4216 0.002 * 0.363 42.607

Basic density (T) A/T 4216 0.001 ** 0.363 36.333

SNP2507
Oven-dry density (R) T/C 2507 0.001 ** 0.194 −62.993

Basic density (R) T/C 2507 0.000 ** 0.194 −56.888

SNP2508
Oven-dry density (R) T/C 2508 0.001 ** 0.194 −62.993

Basic density (R) T/C 2508 0.000 ** 0.194 −56.888

SNP2509
Oven-dry density (R) T/C 2509 0.001 ** 0.194 −62.993

Basic density (R) T/C 2509 0.000 ** 0.194 −56.888

** p < 0.001, * p < 0.01, Chr: chromosomes; Pos: SNP position in the population structure; MAF: minor allele
frequency.

Figure 6. Conceptual diagram showing the potential role of Eucgr.A00211 (lipase) in regulating cell
wall structure and shrinkage behavior in Eucalyptus pellita hybrids.

In E. grandis and E. urophylla, Tan and Ingvarsson [17] used the GWAS approach and
identified 49 candidate genes associated with wood traits, including those involved in cell
wall biosynthesis and stress responses. Although the genomic regions differ from those
identified in our study, both sets of findings point to regulatory genes, such as Eucgr.A00211
in this study, as important contributors to variation in density and shrinkage through
their influence on cell wall structure and water dynamics. The consistent association of
SNPs near Eucgr.A00211 across all examined traits in our study suggests a common genetic
regulatory mechanism, possibly through transcriptional or post-transcriptional control of
cell wall-related pathways. Given its broad relevance to key wood quality traits, SNPs near
Eucgr.A00211 represent promising candidates for marker-assisted selection in Eucalyptus
breeding programs. However, functional validation, such as gene expression profiling or
other molecular assays, is essential to confirm their regulatory role in cell wall dynamics
and wood property variation.

Understanding the allelic effects of these SNPs is crucial for developing breeding
strategies. A positive allelic effect increases the trait value, while a negative effect decreases
it. For traits like shrinkage, where reduction is desirable, selecting alleles with negative
effects can be beneficial. In industrial applications, tangential shrinkage exceeding 5% is
linked to a higher incidence of warping, checking, and dimensional instability in solid
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wood products [44]. Consequently, selecting genotypes with reduced shrinkage is critical
for ensuring product performance during drying and in service. Similarly, basic wood
density is a key determinant of end-use suitability. Medium to high-density (> 500 kg/m3) is
generally preferred for structural and engineered wood applications due to their correlation
with mechanical strength [85,86], whereas lower densities may be acceptable for pulp and
paper production. By identifying SNPs with favorable allelic effects on these traits, such
as reduced shrinkage or increased density, breeders can integrate molecular markers into
marker-assisted selection (MAS) programs to accelerate genetic improvement [87]. This
approach helps develop tree varieties with optimized wood properties, improving quality
and performance.

Recent advances in forest tree genetics have greatly improved our understanding of
the genetic architecture of wood properties in Eucalyptus. For instance, genomic prediction
studies in E. benthamii have demonstrated that growth and wood density traits can be
predicted with moderate to high accuracy using GBLUP, Bayesian ridge regression, and
machine learning approaches, under varying SNP genotyping densities [88]. These findings
highlight the potential of genomic tools to accelerate early selection for complex traits.
Similarly, Duarte et al. [89] applied genomic selection across four generations of E. grandis,
achieving realized genetic gains for growth and wood quality traits, thus demonstrating
the long-term impact of SNP-based approaches in operational breeding programs.

Advancements in association mapping have also contributed significantly to dis-
secting complex traits. For example, cross-population GWAS (XP-GWAS), as applied by
Giorello et al. [90] in Eucalyptus, increases detection power by leveraging allele frequency
differences between populations. Although their study focused on leaf heteroblasty, the XP-
GWAS approach shows strong potential for identifying adaptive loci associated with wood
properties across heterogeneous plantation environments. This application is particularly
relevant to E. pellita and its hybrids, which are frequently cultivated in environmentally
diverse tropical regions. Additionally, recent GWAS in E. grandis employing both single-
and multi-trait models have successfully detected QTLs for wood density, microfibril
angle, and growth [91], reinforcing the polygenic basis of these traits and the value of
multi-dimensional analysis frameworks.

While the relatively small sample size in this study may limit the detection of loci
with minor effects, the repeated association of certain SNPs with shrinkage and density
traits in E. pellita supports their potential biological relevance and provides a foundation
for further research. These findings are consistent with the polygenic and site-dependent
genetic control observed in related Eucalyptus species. To ensure their reliability and
practical utility, these associations should be validated through cross-validation and testing
in larger, independent populations across diverse environments. Incorporating mechanical
properties alongside shrinkage and density in future studies will strengthen the application
of marker-assisted selection and support the development of improved planting stock
suitable for both structural and pulping applications.

4. Conclusions
This study integrated phenotypic and genomic data to assess variation in wood

density and shrinkage among Eucalyptus pellita and its hybrids. Significant differences
were observed among hybrid combinations, with E. pellita × E. urophylla showing greater
dimensional stability and E. pellita × E. brassiana consistently exhibiting higher density.
Strong correlations between physical traits, growth, and chemical composition indicate
that wood properties are genetically influenced and may be indirectly selected through
correlated traits, supporting more efficient breeding strategies. Hybrids with improved
shrinkage performance, such as E. pellita × E. urophylla, are promising for engineered
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wood products where dimensional stability enhances processing and product performance.
Conversely, the higher density in E. pellita × E. brassiana may benefit structural applications
and increase pulp yield, aligning specific hybrid types with targeted industry uses.

The observed relationships among physical, growth, and chemical traits suggest that
early selection based on productivity and chemical indicators may also capture desirable
wood characteristics. These insights offer practical value to breeders aiming to streamline
genotype development and improve resource use.

Although constrained by a relatively small sample size, the genetic analysis identified
several SNPs associated with shrinkage and density traits, all located near a single gene
(Eucgr.A00211), potentially involved in regulating wood cell structure and water retention.
These findings provide early evidence of genetic control over wood physical traits and
represent an initial step toward the use of molecular markers for trait-based selection in
Eucalyptus breeding programs.

As this study focused on SNPs located on Chromosome 1, the findings offer insight
into marker-trait associations within a limited genomic context. While this targeted ap-
proach may help reduce confounding variation and highlight strong signals, genome-wide
screening could uncover additional loci associated with shrinkage, density, or related traits,
particularly in more diverse or complex populations.

To advance these findings, future studies should validate Chromosome 1 SNP asso-
ciations in larger, more diverse populations (n > 300) and across different environments.
Including mechanical properties, such as modulus of elasticity, modulus of rupture, and
compression strength, will further link wood traits to product functionality. Breeders can
begin applying observed trait correlations, while industry stakeholders may align hybrid
deployment with specific end-use goals to enhance material efficiency, support product
diversification, and promote sustainable plantation forestry.
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Appendix A
Tables A1 and A2 present the 95% confidence intervals for shrinkage and density

values, respectively, among the Eucalyptus hybrids evaluated at Kilu Impini 64 (KI64),
Yapilika 28 (YP28), and across the combined plantation sites. These intervals provide a
statistical estimate of the variability and precision of the mean trait values, supporting the
interpretation of site and hybrid effects reported in the main text.
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Table A1. Confidence intervals for shrinkage values among hybrids at Kilu Impini 64 (KI64), Yapilika 28 (YP28), and combined plantation sites.

Plantation Sites/Hybrids Green to 17% (%) Green to 12% BR (%) Green to 12% AR (%) Green to 5% (%) Unit Shrinkage (%)

T R T R T R T R T R

KI64
E. pellita 1.15–3.48 0.70–1.71 2.82–5.18 1.30–3.02 1.87–4.13 0.63–2.29 5.23–7.05 3.36–5.99 0.16–0.24 0.13–0.23

E. pellita × E. brassiana (BC) 2.55–5.16 0.99–2.21 3.98–6.56 1.67–3.75 3.07–5.62 1.33–3.34 5.70–7.65 2.99–6.17 0.15–0.23 0.09–0.21
E. pellita × E. brassiana (F1) 2.56–5.61 1.06–2.45 4.11–7.28 2.11–4.50 2.79–5.72 1.45–3.75 6.25–8.74 2.96–6.61 0.16–0.26 0.06–0.20
E. pellita × E. urophylla (BC) 1.21–3.44 1.03–1.95 2.82–5.09 2.17–3.74 1.89–4.04 1.26–2.77 4.87–6.64 2.89–5.29 0.15–0.23 0.08–0.18
E. pellita × E. urophylla (F1) 1.96–5.00 0.78–2.06 3.58–6.52 1.26–3.45 2.56–5.53 0.94–3.05 5.54–7.77 1.60–4.94 0.11–0.22 0.01–0.15

YP28
E. pellita 1.13–2.90 1.07–1.77 2.68–4.39 2.02–3.11 2.08–3.63 1.58–2.68 5.32–6.76 3.70–5.68 0.19–0.23 0.09–0.20

E. pellita × E. brassiana (BC) 2.12–4.46 0.91–1.82 3.81–5.96 1.81–3.22 2.18–4.04 1.21–2.52 6.02–7.84 2.36–4.73 0.19–0.25 0.04–0.19
E. pellita × E. brassiana (F1) 5.20–8.46 2.55–3.47 6.48–9.65 3.51–4.92 5.67–8.51 3.18–4.49 7.37–10.04 3.37–5.75 0.07–0.15 0.01–0.16
E. pellita × E. urophylla (BC) 1.32–3.27 0.92–1.67 2.97–4.87 2.09–3.26 2.13–3.85 1.68–2.87 5.48–7.08 3.51–5.67 0.20–0.25 0.10–0.22
E. pellita × E. urophylla (F1) 2.47–4.79 0.74–2.39 3.78–5.99 1.18–3.71 2.96–4.92 0.83–3.44 5.54–7.41 2.47–7.22 0.14–0.19 0.05–0.31

Plantation sites combined
E. pellita 1.58–2.74 0.73–1.93 3.12–4.35 1.75–3.01 2.30–3.56 1.21–2.51 5.35–6.70 3.90–5.30 0.17–0.24 0.13–0.19

E. pellita × E. brassiana (BC) 3.04–4.25 0.85–2.10 4.68–5.96 1.94–3.26 3.26–4.57 1.48–2.83 6.33–7.73 3.32–4.78 0.17–0.23 0.10–0.16
E. pellita × E. brassiana (F1) 4.39–5.92 1.72–2.93 5.73–7.38 3.08–4.35 4.51–6.17 2.49–3.80 7.11–8.90 3.94–5.34 0.15–9.23 0.08–0.15
E. pellita × E. urophylla (BC) 1.74–2.94 0.82–2.02 3.33–4.59 2.22–3.49 2.37–3.67 1.52–2.82 5.33–6.73 3.70–5.10 0.17–0.24 0.11–0.17
E. pellita × E. urophylla (F1) 2.88–4.15 0.30–2.00 4.17–5.52 1.22–3.05 3.38–4.76 0.89–2.73 5.75–7.23 2.41–4.40 0.13–0.20 0.06–0.15

F1: first-generation hybrid; BC: backcross; BR: Before reconditioning; AR: After reconditioning; T: Tangential; R: Radial. Level of significance (p < 0.05), Confidence level used = 0.95.

Table A2. Confidence intervals for density values among hybrids at Kilu Impini 64 (KI64), Yapilika 28 (YP28), and combined plantation sites.

Plantation Sites/Hybrids Green Density (kg/m3) Oven-Dry Density (kg/m3) Basic Density (kg/m3)

T R T R T R

KI64
E. pellita 1034.00–1135.00 1010.00–1079.00 631.00–771.00 529.00–649.00 537.00–648.00 480.00–583.00

E. pellita × E. brassiana (BC) 1103.00–1210.00 1044.00–1127.00 694.00–838.00 579.00–716.00 585.00–701.00 514.00–631.00
E. pellita × E. brassiana (F1) 1067.00–1206.00 1043.00–1138.00 683.00–879.00 549.00–703.00 550.00–705.00 487.00–618.00
E. pellita × E. urophylla (BC) 1038.00–1137.00 1026.00–1089.00 625.00–766.00 532.00–641.00 533.00–644.00 487.00–581.00
E. pellita × E. urophylla (F1) 1032.00–1154.00 1025.00–1113.00 610.00–776.00 527.00–683.00 505.00–638.00 478.00–612.00
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Table A2. Cont.

Plantation Sites/Hybrids Green Density (kg/m3) Oven-Dry Density (kg/m3) Basic Density (kg/m3)

T R T R T R

YP28
E. pellita 1056.00–1150.00 1000.00–1083.00 621.00–743.00 531.00–633.00 533.00–625.00 484.00–568.00

E. pellita × E. brassiana (BC) 1105.00–1206.00 1064.00–1164.00 694.00–835.00 610.00–736.00 583.00–694.00 547.00–651.00
E. pellita × E. brassiana (F1) 1031.00–1185.00 1015.00–1115.00 634.00–851.00 569.00–694.00 512.00–681.00 499.00–603.00
E. pellita × E. urophylla (BC) 1071.00–1170.00 1011.00–1102.00 683.00–816.00 564.00–675.00 569.00–671.00 506.00–597.00
E. pellita × E. urophylla (F1) 1063.00–1170.00 1005.00–1204.00 641.00–790.00 542.00–784.00 547.00–664.00 492.00–691.00

Plantation sites combined
E. pellita 1062.00–1119.00 1008.00–1068.00 645.00–725.00 542.00–624.00 551.00–614.00 495.00–559.00

E. pellita × E. brassiana (BC) 1132.00–1192.00 1072.00–1134.00 746.00–830.00 624.00–709.00 618.00–684.00 558.00–625.00
E. pellita × E. brassiana (F1) 1097.00–1172.00 1054.00–1114.00 716.00–812.00 586.00–670.00 576.00–653.00 519.00–584.00
E. pellita × E. urophylla (BC) 1080.00–1139.00 1027.00–1087.00 679.00–772.00 558.00–650.00 571.00–643.00 507.00–580.00
E. pellita × E. urophylla (F1) 1092.00–1156.00 1041.00–1123.00 692.00–780.00 575.00–679.00 577.00–646.00 522.00–606.00

F1: first-generation hybrid; BC: backcross; T: Tangential; R: Radial. Level of significance (p < 0.05), Confidence level used = 0.95.
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