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ABSTRACT

This study examined clonal and radial variation in basic density (BD) and transverse
shrinkage among six Eucalyptus clones grown under uniform conditions in north-central
Vietnam. A total of 30 ramets were sampled, and 196 small clear specimens were prepared
from positions near the pith and the bark. Partial and total shrinkage in tangential (Ty, T) and
radial (Rn, R) directions were determined following ISO 13061-13:2017. Basic density (BD)
ranged from 0.39 to 0.50 g/cm?® and increased consistently from pith to bark. Tangential
shrinkage (Tn: 4.45-5.83%; T: 5.64—6.85%) showed greater variation among clones than radial
shrinkage (Rn: 2.95-3.32%; R: 3.89-4.72%). Clone U1427 showed the highest BD while also
presenting the lowest shrinkage values, suggesting excellent dimensional stability and
considerable potential for utilization in solid wood and lumber production in northern Vietnam.
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INTRODUCTION

Eucalypt species (Eucalyptus spp.) are among the most widely planted fast-growing
hardwoods in tropical and subtropical regions, owing to their rapid growth, adaptability, and
suitability for industrial plantations (Zhang and Wang 2021). These species are increasingly
utilized not only for pulp and paper but also for solid wood products such as furniture and
construction materials (Nguyen et al. 2026). In Vietnam, Eucalyptus was first introduced in
the 1980s and has been extensively established in plantation forestry since the early 1990s
(Kha et al. 2003). Along with Acacia, Eucalyptus has become one of the principal species for
plantation forestry in Vietnam (Van Duong et al. 2023, 2024). The total area of these two
species is approximately 1.7 million hectares, accounting for about 70% of the country’s
production forest plantations (Vietnamese Ministry of Agriculture and Rural Development
2022). Among Eucalyptus, hybrid Eucalyptus clones are more widely selected for planting
(Vo et al. 2018). They are derived from interspecific hybridisation between E. urophylla and
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other eucalypt species such as E. pellita or E. grandis through natural or controlled pollination,
and exhibit superior plantation performance, including improved stem form and volume,
enhanced pest and disease resistance, and better wood quality (Grattapaglia and Kirst 2008,
Van Duong et al. 2025a). However, despite their favorable growth -characteristics,
the utilization of eucalypt wood for high-value applications is often constrained by its
dimensional instability, particularly during drying processes.

Dimensional stability, which describes how wood shrinks and swells with moisture
changes, is a key trait for structural wood applications (Falade et al. 2025). Wood from short-
rotation FEucalyptus plantations is commonly associated with high growth stresses and
pronounced shrinkage anisotropy. Although these properties arise from different anatomical
and physical characteristics of wood, both are known to induce defects such as warping and
checking during processing. The combined effects of these factors can lead to a substantial
reduction in solid wood recovery and a deterioration in the quality of sawn timber products.
Numerous studies have investigated the shrinkage properties of Fucalyptus wood (Washusen
and Evans 2001, Yang et al. 2003, Nguyen et al. 2026). Shrinkage properties of eucalypt wood
are influenced by a combination of physical, anatomical, and chemical factors (Sadoh and
Kingston 1966). Basic density is often considered one of the most important variables affecting
shrinkage behavior, although the relationship may vary depending on species and growth
conditions (Kingston and Risdon 1961, Washusen et al. 2001).

Shrinkage properties of eucalypt wood have been widely reported, showing considerable
variation among species, genetic materials, and growing conditions. Tangential shrinkage in
Eucalyptus species typically ranges from approximately 8% to 16%, while radial shrinkage
varies from about 3% to 8%, resulting in relatively high anisotropy ratios (Yang et al. 2003,
Wu et al. 2006). In plantation-grown E. urophylla x E. grandis, total transverse shrinkage has
been reported to vary substantially, with pronounced differences observed both within and
between trees (Yang et al. 2022). Significant variation in transverse shrinkage has also been
documented among clones and provenances, with marked differences in radial and tangential
shrinkage reported among hybrid eucalypts (Listyanto et al. 2020). In addition, within-tree
variation is evident, as higher transverse shrinkage is often observed in juvenile wood
compared to mature wood in species such as E. globulus and E. nitens (Yang et al. 2003). These
findings highlight the high variability of transverse shrinkage in eucalypt wood, which remains
a major constraint for its efficient utilization in solid wood applications.

Despite extensive research on shrinkage properties of eucalypt wood, most studies have
focused on species or provenance levels, with limited attention to variation among
commercially important clones grown under comparable conditions. This gap is particularly
relevant for fast-growing hybrid Eucalyptus clones in Vietnam, where wood quality traits such
as dimensional stability remain insufficiently characterized. In addition, radial variation within
stems has not been adequately addressed. Therefore, the primary objective of this study was to
characterize radial and inter-clonal variations in transverse shrinkage and basic density of
Eucalyptus clones grown under uniform conditions in north-central Vietnam. The relationship
between basic density and transverse shrinkage was further investigated. The findings are
expected to contribute to the selection of high-quality clones suitable for solid wood production
and to support the sustainable development of plantation forestry in the region.
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MATERIAL AND METHODS

Sampling and measurements

The study material was obtained from a clonal trial of EFucalyptus established in December
2014 by the Vietnamese Academy of Forest Sciences in Cam Hieu commune, Cam Lo district,
Quang Tri province, Vietnam (16°45'56"N, 107°01'32"E). The trial comprised three hybrid
clones (E. urophylla x E. pellita) and three E. urophylla clones, selected to evaluate growth
performance and stem quality. A randomized complete block design was employed, with five
replicates and 49 ramets per plot (7 rows X 7 ramets per row). The initial planting spacing was
3 x 2 m (1660 ramets/ha), with a central measurement area of 25 ramets per plot (Vo et al.
2018).

A total of 30 ramets (five per clone) were selected in December 2020 from three hybrid
clones (UP54, UP95, and UP99) and three E. urophylla clones (U892, U1427, and PN14).
Sample ramets were chosen based on stem straightness, branching characteristics, and
the absence of visible disease or pest damage. Prior to felling, diameter at breast height (1.3 m)
was measured, and the north—south orientation of each stem was marked. After felling, total
tree height was recorded. The sampled ramets were the same as those used in a previous study
on static bending properties (Van Duong and Schimleck 2022). A 1.0 m log was obtained from
each sampled stem between 0.5 and 1.5 m above ground, and a 100 mm thick cross-sectional
disc was collected at 1.5 m above ground from each ramet for the determination of selected
wood properties.

Tab. 1: Mean values and standard deviations of stem diameter and tree height for each clone
(Van Duong and Schimleck 2022).

Clone Species n DBH (cm) Tree Height (m)
UP54 E. urophylla X E. pellita 5 14.24 + 0.88 18.81 £0.54
UP95 E. urophylla X E. pellita 5 15.43 £0.58 20.01 +£0.38
UP99 E. urophylla x E. pellita 5 13.17 +£0.93 18.40 = 0.60
U892 E. urophylla 5 14.18+1.96 18.08 +0.63
u1427 E. urophylla 5 14.06 = 1.09 16.48 + 0.65
PN14 E. urophylla 5 13.83+1.18 15.23+0.30
Note: DBH is diameter at breast height (1.3 m above the ground); » is number of sampled ramets.

From each disc, specimens with dimensions of 20 mm (R) % 20 mm (T) % 30 mm (L)
were carefully cut from near the pith (R1) and near the bark (R2) in each cardinal direction
(north—south and east— west) to examine the basic density (BD) and transverse shrinkage.
The small size of the logs only allowed test specimens to be cut in the north—south direction.
In total, 196 small clear wood specimens were prepared.

Transverse shrinkage and basic density determination

Specimen preparation and transverse shrinkage measurements were conducted in
accordance with ISO 13061-13:2017. Prior to measurement, all specimens were saturated by
immersion in distilled water under vacuum using a desiccator (AS ONE Co., Ltd., Japan) until
full saturation was achieved. Tangential and radial dimensions were measured at the midpoint
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of each axis, previously marked for re-measurement, using a digital micrometer (CD-S20C,
resolution 0.01 mm). The specimens were then conditioned at 20°C and 60% relative humidity
for eight weeks to minimize the influence of drying stresses. Subsequently, the specimens were
oven-dried at 103 + 2°C to constant mass, and final tangential and radial dimensions were re-
measured (Fig. 1).

Fig. 1: The experimental procedures: (a) specimens were immersed in distilled water until full
saturation; (b) specimens were oven-dried at 103 = 2°C to constant mass.

Basic density (BD) was calculated as the ratio of oven-dry mass to green volume.
Dimensional changes between the saturated (green) state and either air-dried (12% moisture
content, MC) or oven-dry conditions were used to estimate partial and total shrinkage in
the tangential (T, and T) and radial (R, and R) directions. The coefficients of anisotropy were
calculated as Tn/R; (partial) and T/R (total). Ty, Ry, T, and R were calculated as follows:

T = (DT, Green — DT, 129MC)/ DT, Green x 100

Ri = (DR, Green — DR, 129%Mc)/ DR, Green x 100

T = (D, Green — DT, Oven-dry)/ DT, Green X 100

R = (DR, Green — DR, Oven-dry)/ DR, Green X 100

where: T, = Partial shrinkage in tangential direction (%), R, = Partial shrinkage in radial
direction (%), T = Total shrinkage in tangential direction (%), R = Total shrinkage in radial
direction (%), D, Green = Tangential green dimension measured (mm), DR, Green = Radial green
dimension measured (mm), D, 120smc = Tangential dimension after reconditioning at 12% MC
(mm), Dg, 12%smc = Radial dimension after reconditioning at 12% MC (mm), Dr, oven-dry =
Tangential oven-dry dimension measured (mm), Dg, oven-ary = Radial oven-dry dimension
measured (mm).
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Data analysis

The mean values of each clone were calculated by averaging the values obtained from near
the pith and the bark for each clone. The difference in BD, Ty, Ra, Tn/Rn, T, R, and T/R between
the two radial positions was examined using a t-test. A one-way analysis of variance test was
applied to evaluate the differences among clones in BD and transverse shrinkage properties,
followed by Tukey’s HSD test with the level of significant differences at P <0.05. All analyses
were conducted using R software version 4.0.0. (Version 4.0.0; RStudio, Boston, MA, USA).

RESULTS AND DISCUSSION

Among-clonal and radial variations of basic density and shrinkage properties

Tab. 2 presents the mean and standard deviation of BD, Ty, Rn, To/Ra, T, R, and T/R for
each clone and for all clones combined. BD differed significantly among clones, ranging from
0.39 to 0.50 g/cm?, with an overall mean of 0.43 g/cm?® (Tab. 2). Clone U1427 had the highest
BD, whereas clone UP54 had the lowest value, the remaining clones formed intermediate
groups with statistically significant differences. This finding is consistent with the results of
Hoftfmann et al. (2026), who reported significant differences in BD among Eucalyptus clones
(E. urophylla x E. camaldulensis and E. urophylla % E. grandis) planted in Brazil. Nguyen et
al. (2026) reported a higher BD of 0.51 g/cm? at eight years of age for the same species,
E. urophylla, planted in Nghe An Province, Vietnam. The difference between that value and
the present result may be partly attributable to tree age, as wood density generally increases
with age, particularly in fast-growing species, as reported by Van Duong et al. (2025b).

Tab. 2: Mean values and standard deviations (in brackets) of basic density and shrinkage
properties for each Eucalyptus clone.

. Clone
Properties UP54 UP95 UP99 U892 U1427 PN14 Mean
5D X 0.39¢ 0.41° 0.47° 0.41° 0.50° 0.43¢ 0.43
(g/em?)

(0.03) (0.03) (0.05) (0.03) (0.02) (0.04) (0.05)

& %) 463 481° 473 4.96° 445 5830 487
(1.14) (0.94) (0.73) (1.04) (0.86) (1.25) (1.08)

R, (%) 3.07° 3.05° 3210 3120 2.950 3320 311
(0.64) (0.47) (0.52) (0.50) (0.66) (0.52) (0.56)

TR 1.57° 1.61° 1510 1.63° 1.59 1.82¢ 1.62
(0.50) (0.40) (0.38) (0.43) (0.48) (0.56) (0.46)

. 5.64° 6.21% 6.85° 6.68° 6.41% 6.19% 6.28
(0.93) (0.99) (1.13) (134) (1.34) (1.25) (1.21)

. 3.89° 4110 4720 429 443 4147 424
(0.64) (0.54) (0.65) (0.65) (0.48) (0.56) (0.64)

R 1.48° 1.53 1.46° 1.58 1.46° 1.53¢ 151
(0.32) (0.29) (0.22) (0.32) (0.35) (0.39) (0.32)

The same alphabet letters used after mean values indicate no significant differences among provenances based on
Tukey’s HSD test at 5%.

The ANOVA results for BD and shrinkage properties showed significant effects of clone
and radial position (Tab. 3). In the evaluation of dimensional stability, significant differences
were observed among the Eucalyptus clones for Ty, T, and R. On the other hand, there was no
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significant difference in Ry, Tw/Ry, and T/R (Tab. 3). T, ranged from 4.45 to 5.83%, whereas T
varied from 5.64 to 6.85%. These values fall within the range typically reported for medium-
density woods (approximately 5-10%) (Walker 2006). In a study on Eucalyptus clones aged 7
to 10 years, Lago et al. (2022) reported tangential shrinkage values ranging from 4.72% to
6.42%, which are comparable to those observed in the present study. R, ranged from 2.95 to
3.32%, with no significant differences observed among clones. R varied from 3.89 to 4.72%,
with clone UP99 exhibiting the highest value and clone UP54 the lowest, while the remaining
clones formed overlapping groups. The mean values of R, (3.11%) and R (4.24%) are
consistent with those reported for plantation-grown Eucalyptus. Ferreira et al. (2020) reported
the values of radial shrinkage for 7-year-old E. urophylla x E. grandis clone planted in Brazil
ranging from 3.87 to 3.94%. In combination with its high wood density and superior
mechanical properties (Van Duong and Schimleck 2022), clone U1427 exhibited the lowest Ty
and R, values among the clones evaluated in the present study. These findings indicate that
clone U1427 is a promising genetic material for deployment on comparable sites in this region
of Vietnam and may be particularly suitable for Eucalyptus breeding programs targeting
improved wood quality for solid wood and lumber production.

Tab. 3: F-value obtained from the ANOVASs for basic density (BD) and shrinkage properties.

Source of af F-value

variation BD Ta Ra To/Rn T R T/R
Clone (C) 5 158.07™" 12.42™ 1.840s 2.2470s 16.57"™ 8.72™" 1.15"
Radial 1| 18021 | 9L.11™ | 9.25™ | 90.93"* | 385.36™ | 029" | 137.37"
position (R)

CxR 5 7.09™" 1.28™ 1.98m 1.07™ 479" 1.28ms 2.78"

df degree of freedom; "Significant at the 0.05 probability level; **Significant at the 0.01 probability level;
***Significant at the 0.001 probability level; No significance.

The Tn/Rn and T/R ratios ranged from 1.51 to 1.82 and 1.46 to 1.58, respectively, with
mean values of 1.62 and 1.51, and no significant differences were observed among clones
(Tab. 2). The results of this study are consistent with those reported by Hoffmann et al. (2026),
where average values of 1.65 for E. urophylla x E. camaldulensis; however, they are lower
than the ratio of tangential to radial shrinkage reported for E. globulus by Yang et al. (2002)
where average values of 2.48 for E. globulus were observed. As the coefficient of anisotropy
deviates further from unity, the wood becomes increasingly prone to cracking, splitting, and
dimensional deformation as a result of its hygroscopic behavior.

Radial position had a significant effect (P < 0.001) on BD and most shrinkage properties
across all clones, with the exception of R (Tab. 3). T-test results showed that the mean BD value
in outer wood was higher than that near the pith in all tested clones, whereas clone U1427
exhibited no significant difference (Tab. 4). This pattern is consistent with previous studies
reporting an increase in density from pith to bark (Hein and Brancheriau 2011, Van Duong et
al. 2025a).

A similar radial trend was observed for T, and T, both of which increased markedly from
R1 to R2 in all clones. For instance, Ty increased from 3.87-5.01% at R1 to 4.91-6.66% at R2,
while T increased from 5.04—6.01% to 6.24—7.72%. In contrast, R, and R showed relatively
minor changes between radial positions, with most differences being statistically non-
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significant. R, remained within a narrow range (approximately 2.58-3.45%), while R varied
only slightly across positions (Tab. 4).

The shrinkage ratios (Tw/Rn and T/R) increased significantly from R1 to R2 across all
clones, reflecting greater anisotropy in outer wood. For example, Tn/R, increased from
approximately 1.24—1.50 at R1 to 1.68-2.15 at R2, while T/R increased from 1.20-1.40 to
1.57-1.83 (Tab. 4). These values are consistent with reported radial increases in shrinkage
anisotropy have been documented in earlier studies (Yang et al. 2002).

Tab. 4: Radial variation of basic density and shrinkage properties for each Eucalyptus clone.

Properties Ra.d ial Clones
position UP54 UP95 UP99 U892 U1427 PN14
X R1 037° 0.39° 0.45 0.39° 0.49° 0.40°
BD (g/em’) R2 0.40° 0.43° 0.49° 0.43 0.50° 0.46°
%) R1 3.87° 426 426 436° 3.98° 5.01°
R2 538° 5350 519 557 491° 6.66°
R, %) R1 3.10° 3.04° 3.26° 3200 3310 345
R2 3.00° 3.06° 316° 3.02° 258 319
TR R1 1.29° 1.41° 1,34 1.39° 1.24b 1.50°
R2 1.85° 181° 1.68" 1.88° 1.94° 2.15°
o R1 5.04° 5.43° 5.98" 6.01° 5230 5.09°
R2 6.24° 6.99° 7720 735 7587 730°
R %) R1 3.89° 4.10° 4470 435 4440 421°
R2 3.90° 4130 478" 4230 4430 4.06°
R R1 133 1345 135 1.40° 1.20° 1,23
R2 1.63° 1.7 1.57° 1.75° 1.73° 1.83°

The same alphabet letters used after mean values indicate no significant differences between radial positions based
on Tukey’s HSD test at 5%.

Relationship between basic density and shrinkage properties

Tab. 5 summarizes relationships of BD with shrinkage properties for individual Eucalyptus
clones and all clones combined. BD showed significantly positive correlations with T, and T
for all clones, except for clone U1427. The correlation () between BD and T, ranged from
0.37 to 0.58, whereas that between BD and T varied from 0.45 to 0.71. In contrast, no
significant relationships were detected between BD and either R, or R for most clones.
An exception was observed in clone UP99, where significant but weak positive correlations
were found, with » values of 0.36 for R, and 0.34 for R (Table 5).

Density is generally regarded as the principal factor controlling the shrinkage behaviour
of wood. As moisture content decreases from the green to the oven-dry state, wood of higher
density typically exhibits greater dimensional shrinkage compared with lower-density material
(Schulgasser and Witztum 2015, Van Duong and Matsumura 2018). The density—shrinkage
relationship is frequently interpreted using a simplified view in which only the solid fraction
contributes to dimensional change, while void spaces remain unaffected. Under this
assumption, wood with higher density, characterized by a greater proportion of cell wall and
reduced lumen volume, is expected to undergo more pronounced shrinkage and swelling
(Walker 2006, Bowyer et al. 2007, Derome et al. 2011). Similar results are reported for hybrid
Populus % euramericana clones, in which the correlation coefficients between BD and R, and
R were low or statistically insignificant, whereas the correlation coefficients between BD and
Tn and T were higher and statistically significant (Koubaa et al. 1998).
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No significant correlations were found for clone U1427, suggesting that shrinkage
behavior in this clone is largely independent of BD. This lack of association may reflect
the influence of other wood structural factors, such as microfibril angle (Barber and Meylan
1964) or lignin content (Boyd 1974) between the tangential and radial walls, which have been
reported to modulate shrinkage independently of density. Further studies are needed to clarify
the effects of microfibril angle and anatomical characteristics on the shrinkage properties of
Eucalyptus clones.

Tab. 5: Correlations of basic density with shrinkage properties for each Eucalyptus clone and
all clones combined.

Clone Ta (%) R, (%) Tu/Ra T (%) R (%) T/R
1 0.47" -0.13™ 0.40° 0.45" 0.17" 0.23m
2 0.58" 0.16™ 0.39° 0.74° -0.07™ 0.67°
3 037" 0.36" -0.03™ 0.71°" 0.34° 0.19"
4 0.57" -0.04"s 0.43" 071" 0.21m 0.52"
5 0.327 022 0.34" 0.22" -0.24" 0.29™
6 0.47° -0.03 0.37" 0.71°" -0.02 0.59°
Combined 0.21" -0.04" 0.17° 0.52° 0.36™ 0.21°

sekok

"Significant at the 0.05 probability level; **Significant at the 0.01 probability level;
probability level; ™No significance.

Significant at the 0.001

CONCLUSIONS

(1) Significant among-clonal and radial variations were observed in basic density and most
shrinkage properties of Eucalyptus wood. Basic density and tangential shrinkage increased
from pith to bark, whereas radial shrinkage showed relatively minor radial variation. (2) Clone
U1427 exhibited the highest basic density together with the lowest shrinkage values, indicating
superior dimensional stability and strong potential for solid wood and lumber production in
northern Vietnam. (3) Basic density was positively correlated with tangential shrinkage in most
clones, while relationships with radial shrinkage were generally weak or non-significant.
Further studies are needed to clarify the effects of microfibril angle and anatomical
characteristics on the shrinkage properties of Eucalyptus clones.
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