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1. Introduction

ABSTRACT

Clonal teak in Indonesia was produced through a tree improvement
program that selected superior mother trees. These clones showed high
growth and could produce more than 200 m*/ha in 20 years after planting.
The silvicultural treatment could improve the growth of clonal teak through
spacing arrangements and thinning. However, studies combining the
effects of spacing and thinning to improve forest productivity in clonal teak
plantations remain limited. Therefore, this study aims to determine the
effect of different spacing and thinning intensity on the productivity of a
13-year-old clonal teak plantation. A nested randomized complete block
design was used with 3 blocks as replication. The treatment comprised 4
spacing types: 3 mx3m, 6mx2m 8mx2m,and 10 m x 2 m.
Meanwhile, 3 thinning intensities were nested within each spacing
treatment: 0% (control), 25% (medium thinning), and 50% (heavy
thinning). The results showed that at the age of 13 years old, spacing
treatment affected the development of diameter at breast height (DBH),
mean annual diameter increment (MADI), tree bole height (TBH), crown
diameter (CD), canopy openness (CO), competition index (CI), and
pilodyn penetration (PP) (p < 0.05). Spacing treatment did not affect height
(H), volume (Vol), and stress wave velocity (SWV) (p > 0.05). The best
spacing to improve DBH, MADI, CD, CO, and PP was 10 m x 2 m,
yielding 29.68 cm, 2.30 cm/year, 5.18 m, 54.84%, and 20.21 mm,
respectively. Additionally, thinning intensity, nested within spacing
treatment, significantly affected DBH, MADI, Vol, CO, and CI (p < 0.05).
In conclusion, a combination of spacing 10 m x 2 m and thinning intensity
50% is recommended to increase forest productivity in a clonal teak
plantation.

Teak is a commercially important tree species widely grown in lowland forests. This is due
to the high economic value, strength, quality and durability of its wood (Chambi-Legoas et al.
2025). The global teak forest area, both natural forests and plantations, is estimated at 29 million
ha and 4.35 to 6.89 million ha, respectively, across more than 69 countries on various continents
(Berrocal et al. 2020; Midgley et al. 2015; Kollert et al. 2024). In Indonesia, the area of plantation

411


https://doi.org/10.23960/jsl.v14i2.1347
https://sylvalestari.fp.unila.ac.id/
mailto:widiyatno@ugm.ac.id
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-6611-5009
https://orcid.org/0009-0002-6298-0967
https://orcid.org/0009-0002-4915-3473
https://orcid.org/0009-0008-2354-3207
https://orcid.org/0009-0006-4122-8206
https://orcid.org/0009-0000-2925-7027
https://orcid.org/0000-0001-8428-9013
https://orcid.org/0000-0003-0328-8831
https://orcid.org/0000-0001-9878-6352

Widiyatno et al. (2026) Jurnal Sylva Lestari 14(2): 411-425

is > 1.2 million ha (MOF 2025). Furthermore, global market demand for teak is 2—-2.5 million m?
per year, supplied by natural forests and plantations, at 0.5 million m%/year and 1.5-2 million
m®/year, respectively. Approximately 60% of this wood is produced in India, Indonesia, and
Myanmar (Kollert et al. 2024). In Indonesia, roundwood production from teak plantations in 2021
and 2022 reached 1.07 million m®and 0.94 million m3, respectively (BPS 2023). The high demand
for teak may be met by a relatively short felling rotation of 20—30 years, with fast growth and high
wood quality (Jerez-Rico and de Andrade Coutinho 2017). Therefore, tree breeding activities are
carried out to produce superior clones that can increase productivity in teak forest management.

Generally, teak breeding in Indonesia began in 1983 and continued until 1997, during which
680 mother trees were collected from various plantations across the country. A teak progeny test
was conducted, followed by a clonal test, to select the best clones to support a productive plantation
(Budiadi et al. 2017; Widiyatno et al. 2024). Selected clones from these tests were then planted in
pruning gardens to produce shoot cuttings for clonal teak forestry (Widiyatno et al. 2024), making
a potential stand of > 200 m®ha with a 20-year rotation (Budiadi et al. 2017; Widiyatno et al.
2024). These selected clones can be used to develop clonal teak forestry to increase productivity,
as the genetic traits of mother trees are passed on to offspring.

Teak is used for carpentry and sawn timber; therefore, teak plantations aim to produce trees
with large diameters, straight trunks, and high branch-free heights, which yield high-quality logs.
Achieving these characteristics depends strongly on proper stand management, particularly the
regulation of stand density or the number of trees per ha. Therefore, determining the optimal
spacing for teak plantations is the initial step in establishing a spacing that supports plant growth.
Spatial planning in the early stages of teak plantation establishment includes plant spacing; the
optimal spacing for teak plantations is 3 m x 3 m, compared to other species (Zahabu et al. 2015).
However, increasing spacing will increase the branching angle and, probably, reduce wood quality,
because knots formed from large branches decrease the value and strength of sawn timber
(Rahmawati et al. 2021). Furthermore, we need to determine the proper spacing in the teak
plantation to balance sufficient growing space for diameter increment with adequate competition
to encourage straight-stem growth and natural branch shedding.

During the management phase of teak plantations, thinning is one of the silvicultural
practices used to promote the growth of the remaining trees, thereby producing high-quality saw
timber and wood for construction (Wongprom et al. 2023). Thinning modifies the competitive
dynamics within a stand by redistributing access to site resources, such as light, nutrients, and
water, among the remaining trees (Moreau et al. 2020; Moreau et al. 2022). Timing and intensity
of thinning operations are critical factors influencing stand development in teak plantations. When
thinning is delayed, stand growth may decline or cease entirely. Conversely, thinning implemented
very early or intensively can stimulate the development of side branches and epicormic shoots,
diverting resources from the main stem. In a 3-year-old clonal teak plantation after thinning,
thinning intensities at 50% significantly increased diameter and height growth compared to the
control (Budiadi et al. 2017). Studies on spacing (growing space) and thinning intensity as
silvicultural treatments should be conducted simultaneously to achieve optimal, high-quality teak
growth per unit area. Therefore, this research aims to determine the combined effects of initial
spacing and thinning intensity on the growth characteristics, competition index (Cl), canopy
openness (CO), and wood properties of a clonal teak plantation.
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2. Materials and Methods
2.1. Study Location and Experimental Design

This research was conducted in a clonal teak plantation, specifically on plots 63c and 53i,
Sidolaju Forest Management Resort (RPH), Kedunggalar Forest Management Sub-Unit (BKPH),
Ngawi Forest Management Unit (KPH), East Java Regional Division of Perum Perhutani (Fig. 1).
The research design used was a nested randomized complete block design (Nested RCBD) with 3
blocks as replications. The treatments were 4 spacing types: 3mx3m, 6 mx2m, 8 m x 2 m, and
10 m x 2 m. Meanwhile, 3 levels of thinning intensity were nested within each spacing treatment.
In comparison, the 3 thinning intensities in each spacing treatment were 0% (control), 25%
(medium), and 50% (heavy) (Table 1). The thinning of teak was a systematic, mechanical
approach. In the 0% thinning treatment, no trees are removed, and the stand is maintained at its
original density as a control. For the 25% thinning treatment, approximately one-quarter of the
trees in the stand are removed using a selective thinning method, mainly through low thinning. In
the 50% thinning treatment, a more selective thinning is applied, removing about half of the trees
in the plantation to provide wider growing space for the best-performing individuals. This
treatment is often done by removing every second tree in a row or selecting suppressed trees and
strong competitors surrounding selected superior trees. The criteria for cutting and thinning
focused on eliminating trees with poor stem form, weak vigor, physical defects, or inferior growth
performance. Therefore, the number of individuals per thinning intensity treatment (0%, 25%, and
50%) varied with spacing (Table 1). Furthermore, the plot size for each treatment was a square
plot measuring 4 x 50 individual clonal teak plants.
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Fig. 1. Study site and research design.
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Table 1. Planting density for each treatment combination
Thinning/planting density (individual number per ha)

Spacing 0% 25% 50%
3mx3m 1,111 833 556
6mx2m 833 625 417
8mx2m 625 469 313
10mx2m 500 375 250

2.2. Procedures for Assessment of Teak Growth, Pilodyn Penetration, and Stress Wave Velocity

The variables analyzed include diameter at breast height (DBH), mean annual diameter
increment (MADI), height (H), tree bole height (TBH), volume (Vol), crown diameter (CD),
canopy openness (CO), competition index (CI), as well as wood properties, namely pilodyn
penetration (PP) and stress wave velocity (SWV). Diameter was measured at 1.3 m above ground
level, and these measurements were used to calculate MADI (cm/year) and volume (m®/ha). MADI
was calculated using Equation 1.

MADI = DBH (1)
~ The age of forest plantation

Tree volume (m3) was converted to volume per ha (m3/ha). Total height and bole height were
measured using a Haga altimeter, while CD (m) was measured by taking 2 measurements, from
north to south and west to east, using a roll meter, and the average value was calculated for
analysis. Tree volume was calculated using Equation 2.

V = (—0.0884 + 0.0297 x DBH)? )

The tree competition index (CI) was evaluated using Equation 3 to quantify the extent to
which a subject tree’s growth was affected by nearby competing trees, as proposed by Hegyi
(1974), which explains the competitive effects of trees in the forest (Sun et al. 2022). This
assessment considered both the proximity of competitors to the subject tree and the overall number
of competitors in the surrounding area.

sdi * Lij )

where Cli is of the “i” tree’s competition index, n is the total number of surrounding competitor
trees of target tree “i”, dj is the diameter/DBH of the competitor tree j (cm) of target tree “i”, di is
the DBH of the subject tree (cm), and Lij is the distance between the subject tree and the competitor
tree (m).

Canopy openness (CO) was assessed using a camera equipped with a very wide-angle lens
that provides 180-degree coverage and can be used to estimate forest CO (Winn et al. 2016).
Hemispherical photography was analyzed with the free software Gap Light Analyzer (GLA),
developed by Frazer et al. (1999), to calculate CO (Vargas et al. 2021).

Wood properties were assessed using non-destructive methods, specifically the Pilodyn
tester and the Fakkop microsecond timer. A Pilodyn tester with an impact force of 6 J and a
pin/needle diameter of 2.5 mm was used to estimate wood density from penetration depth. Pilodyn
penetration (PP) was taken at 3 different positions on each tree without removing bark, at breast
height (1.3 m above the ground) (Seta et al. 2021). Meanwhile, the Fakkop microsecond timer was

414



Widiyatno et al. (2026) Jurnal Sylva Lestari 14(2): 411-425

used to measure SWV, a non-destructive testing (NDT) technique for assessing the mechanical
properties of wood (Papandrea et al. 2022; Enkhbayar et al. 2025). SWV measurements were
performed using 2 sensors, one at 150 cm and the other at 50 cm above the ground, both at a 45°
angle. A small hammer struck Sensor 1, generating stress waves. When Sensor 2 detected the
wave, the time it took to travel between the sensors was recorded as the transit time (us) (Fig. 2).

Fig. 2. lllustration of SWV measurement (modified from Proto et al. 2017; Seta et al. 2021,
Widiyatno et al. 2024).

Each tree was measured 10 times, and the average of these readings was used for analysis
(Widiyatno et al. 2024), as shown in Equation 5.

Treading
Tm=— = 5
m ) (5)
where Tm (us m™) is the wave propagation time per unit distance, Treading (us) is the average
propagation time of the voltage wave, and LD is the distance between Sensor 1 and Sensor 2. The

stress wave value (SWV) (km s™') was determined using Equation 6.

1 x 1000
SWy = ——— (6)
Tm

2.3. Data Analysis

Factorial analysis of variance (ANOVA) was used to assess the effects of plant spacing and
thinning on tree and stand growth. RStudio statistical software was used to perform an ANOVA
test. Differences between groups were assessed using Tukey's test at the 5% and 1% significance
levels (a0 =0.05 and a. = 0.01).

3. Results and Discussion
3.1. Analysis of Variance (ANOVA) Under Different Spacing and Thinning Intensity

The spacing treatment had a significant impact on DBH (F=109.48; p < 0.0001), MADI (F
=103.09; p < 0.0001), TBH (F = 3.03; p =0.049), CD (F = 38.33; p<0.0001), CO (F=3.47;p=
0.034), CI (F=7.87;p=0.01), and P (F = 4.08; p = 0.019). However, height (H), volume (\Vol),
and SWV were not significantly changed by wider spacing (p > 0.05). Thinning intensity (nested
in spacing) had a significant effect on DBH (F = 4.32; p = 0.003), MADI (F = 2.78; p = 0.027),
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Vol (F = 8.07; p < 0.0001), CO (F=2.38; p=0.05), and ClI (F =8.31; p <0.0001), but this
treatment did not have a significant impact on H, TBH, CD, P, and SWV (p > 0.05) (Tables 2 and
3).

Table 2. ANOVA summarizes the effects of spacing and thinning intensity (nested in spacing) on
DBH, MADI, H, TBH, and Vol of 13-year-old teak stands after planting

Source of variance df DBH MADI H TBH Vol

MS F MS F MS F MS F MS F
Block 2 2254 17.55 0.13 15.88 3.89 286 055 0.61 197248 17.94
Spacing 3 140.63 109.48** 0.87 103.09** 1.99™ 147 269 3.03* 872.3 0.79m
Thinning (spacing) 8 5.543 4.32% 0.024 2.78* 0.283 0.21™ 0.395 0.45™ 8873.8 8.07**
Error 22 1.285 0.008 1.353 0.889 1099.68

Notes: DBH = Diameter at breast height at 1.3; MADI = Mean annual diameter increment; H = Height; TBH = Tree bole height;
Vol = VVolume; df = Degree of freedom; MS = Mean square; F = F value; * = Significant at ta. < 0.05; ** = Significant at ta <0.01;
ns = Non-significant at ta = 0.05.

Table 3. ANOVA summarizes the effects of spacing and thinning intensity (nested in spacing) on
CD, CO, ClI, P, and SWV of 13-year-old teak stands after planting

Source of variance df CD co Cl P SWV

MS F MS F MS F MS F MS F
Block 2 0.08 0.44 0.07 0.01 0.17 474 491 9.18 0.06 8.76
Spacing 3 6.85 38.33** 4411 347 027 7.87** 218 4.08* 0.01 2127
Thinning (spacing) 8 019 1.09™ 30.27 2.38* 0.29 8.31** 0.33 0.62 0.004 0.65™
Error 22 0.18 12.72 0.03 0.54 0.01

Notes: CD = Crown diameter; CO = Canopy openness; Cl = Competition index; P = Pilodyn penetration; SWV = Stress wave
velocity; df = Degree of freedom; MS = Mean square; F = F value; * = Significant at to, < 0.05; ** = Significant at to. <0.01; ns =
Non-significant at to, = 0.05.

The best average DBH, MADI, CD, CO, and PP were at a spacing of 10 m x 2 m with
respective values of 29.68 + 0.47 cm, 2.30 £ 0.03 cm/year, 5.18 + 0.14 m, 54.84 + 0.97%, and
20.21 + 0.23 mm. Spacing of 3 m x 3 m produced the smallest average development of DBH,
MADI, CD, CO, and PP compared to other treatments at 20.56 + 0.61 cm, 1.58 + 0.04 cm/year,
3.22 £0.12m, 50.59 + 1.84%, and 19.2 + 0.22 mm, respectively (Table 4).

Table 4. Comparisons of average growth characteristics, Cl, CO, and wood properties across
spacing treatments

. Spacing

Research variable 3mx3m 6mx2m 8mx2m 0mx2m
DBH (cm) 20.56(0.61)" 24.45(0.8)° 27.48(0.64)° 29.68(0.47)°
MADI (cm/year) 1.58(0.04)° 1.89(0.06)° 2.13(0.04)° 2.3(0.03)*
H (m) 25.14(0.28)™ 25 49(0.4)™ 26.16(0.45)" 26.01(0.33)"
TBH (m) 14.38(0.19)° 14.08(0.25)° 14.02(0.42) 13.11(0.23)°
Vol (m¥ha) 233.05(26.8)  254.26(21.48)"  244.32(18.88)°  234.52(18.27)"
CD (m) 3.22(0.12)° 3.68(0.11)° 4.49(0.17)° 5.18(0.14)*
CO (%) 50.59(1.84)" 51.31(L5)° 54.65(0.82) 54.84(0.97)°
cl 1.24(0.14)° 1.16(0.13)° 0.94(0.1)° 0.87(0.04)°
P (mm) 19.2(0.22)° 19.57(0.28) 20.18(0.4)* 20.21(0.23)°
SWV (km/s) 3.78(0.03)" 3.8(0.04)™ 3.87(0.03)" 3.82(0.03)"

Notes: DBH = Diameter at breast height at 1.3 m; MADI = Mean annual diameter increment; H = Height; TBH = Tree bole height;
Vol = Volume; CD = Crown diameter; CO = Canopy openness; Cl = Competition index; P = Pilodyn penetration; SWV = Stress
wave velocity. Different letters in the mean values indicate significant differences in treatment at p < 0.01. The standard error of
each variable is shown in parentheses.
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A spacing of 3 m x 3 m produced the highest TBH and CI values among all treatments, with
averages of 14.38 = 0.19 m and 1.24 + 0.14, respectively. The 10 m x 2 m spacing treatment
produced the lowest average TBH and CI values of 13.11 + 0.23 m and 0.87 + 0.04, respectively
(Table 4). Increasing spacing significantly affected CD development in teak trees. The largest
crown width was 2.74 m at a spacing of 10 m x 2 m, while the smallest was found at 3 m x 3 m
(Tables 3 and 4).

3.2. Effect of Spacing on Growth Characteristics, Competition Index, Canopy Openness, and
Wood Properties

The research results showed that increasing the spacing width improved the development of
DBH, MADI, CD, CO, and PP, but simultaneously decreased TBH and CI of the stands. The
highest development of DBH, MADI, CO, and PP was achieved at a spacing of 10 m x 2 m (Table
4). Meanwhile, the narrow spacing significantly increased TBH and ClI values. This indicated that
increasing spacing improved the crown width. Plants with the widest crown are better positioned
to compete for environmental factors, such as light, nutrients, and water (Sharma et al. 2016),
enhancing photosynthesis and growth, particularly DBH (Dey et al. 2021; Rahmawati et al. 2021).

Based on the results, increasing spacing did not affect the CO percentage in teak trees at 13
years of age. The percentage of CO at a spacing of 10 m x 2 m increased by 8.84% compared with
3 x 3 m(Table 4 and Fig. 3). Wider spacing during the initial planting phase led to greater spatial
openness during the initial growth phase. Still, after 13 years, CO between treatments was not
significantly different. This was due to morphological adaptation in plants, particularly in
intolerant species (e.g., Tectona grandis), indicating that plant canopies could grow plastically,
widening at looser spacing or becoming taller and narrower at tighter spacing. However, the
overall canopy volume still efficiently filled the vertical space.

Differences in spacing did not affect height growth but significantly affected TBH
development in a 13-year-old clonal teak plantation (Table 2). This indicated that stand density
influenced TBH development in a clonal teak plantation. A high tree density tended to produce
higher TBH because it fostered self-pruning, while wider spacing produced trees with lower bole
height (Rahmawati et al. 2021). This occurred because low stand density influenced the growth of
unwanted branches and increased branch size (Isaac-Renton et al. 2020). Therefore, to achieve
adequate spacing that resulted in low TBH, maintenance activities such as pruning were necessary
to maintain plants with high TBH and minimize wood knots. High DBH under wide spacing still
produced high-quality wood at the time of felling (Rahmawati et al. 2021).

The increase in DBH at wider spacing was due to a decrease in Cl. Increasing spacing
successfully reduced competition among individuals in the stands; hence, a 10 m x 2 m spacing
reduced Cl by 29.7% compared to 3 m x 3 m (Table 5). The CI value decreased as the distance
between the subject and the competitor tree increased (Rahmawati et al. 2021). This is because
wider spacing provides more growing space for each tree, thereby reducing competition between
individuals. Therefore, increasing the age of clonal teak plantation without regular thinning can
increase competition for growth. It could reduce the current annual increase (CAl) of the plants.
At the age of 13 years, Cl at a spacing of 3 m x 3 m was 1.24, while at the age of 7 years with the
same spacing, the teak plant CI was 1.14 (Rahmawati et al. 2021). The increase in Cl also
heightened competition between the subject tree and competitors within the stands.
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©) (d)
Fig. 3. Canopy openness (CO) of 13-year-old clonal teak stands captured by a hemisphere
camera at different spacing: (@) 3mx3m;(b)6mx2m;(c)8mx2m; (d) 10mx2m.

Table 5. Distribution of teak stand diameter classes across spacing treatment per plot
Number of individuals in each spacing per block

Diameter class (cm)

3mX3m 6mX2m 8mX2m 10mX2m
10-14.99 4+15 - - -
15-19.99 14+£29 5+15 2 -
20-24.99 19+1.2 30+5.9 11+£2.7 6+1.8
25-29.99 3+20 17 +3.8 29+38 20+£4.0
>30 - 4427 10+44 25+6.8

PP is a non-destructive indicator for assessing the physical properties and density of wood.
The results showed that increasing spacing from 3 m x 3 m to 10 m x 2 m enhanced PP by 5.2%.
High PP values at wide interindividual distances indicated low wood density, greater void volume,
and thinner cell walls, compared with high-density wood, which could reduce wood strength (Seta
et al. 2021). However, the highest PP value in this study was 20.21 mm at a spacing of 10 m x 2
m, lower than the PP value of 23.43 mm for 14-year-old teak stands with a spacing of 6 m x 2 m
without thinning treatment (Seta et al. 2021). Based on the results, a spacing of 10 m x 2 m
produced higher wood density values than those reported in the study on teak wood density
development conducted by Seta et al. (2021). These differences in results indicate that the PP value
of the teak plantation is determined not only by spacing but also by the site.
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SWV is a non-destructive technique used to assess the mechanical characteristics and
structural integrity of wood. It serves as an indicator of the Modulus of Elasticity (MOE) and the
Modulus of Rupture (MOR) of wood (Tumenjargal et al. 2020). Our results indicated that spacing
treatments had no significant effect on SWV values in the clonal teak plantation 13 years after
planting. The highest average value was observed in the 8 m x 2 m spacing treatment, namely 3.87
km/s (Table 5). This suggests that a high SWV indicates a high MOE, implying high resistance to
deformation (Simic et al. 2019), a key property for determining the suitability of wood for various
structural products (Vaughan et al. 2021). The high SWV value indicates that teak wood in this
study has a high bending resistance. Additionally, a study on SWV in 10-year-old plants derived
from generative propagation and shoot cuttings also had lower values of 3.65 + 0.04 km/s and 3.75
+ 0.03 km/s, respectively (Widiyatno et al. 2024). The results showed that several factors,
including stand age, growing location, and teak seed origin, affected SWV in teak plants.

3.3. Effect of Thinning Intensity on Growth Characteristics, Competition Index, Canopy
Openness, and Wood Properties

Thinning is one of the silvicultural techniques in forest plantations to ensure optimal growth
and timber quality. Our results showed that thinning intensity reduced the number of individual
trees in the remaining stands and affected the development of DBH, MADI, Volume, CI, and CO
in the clonal teak plantation. The best treatment was 50% across all spacings, with the largest
increase in DBH development at a spacing of 6 m x 2 m, namely 13.82% compared to the control
(0%). Meanwhile, the spacings of 3m x 3 m, 8 m x 2 m, and 10 m x 10 m increased by 8.56%,
12.20%, and 6.24%, respectively, compared to the control (Fig. 4).

(b) (c)
Fig. 4. Canopy Openness (CO) of 13-year-old clonal teak stands captured by a hemisphere
camera at a spacing of 6 m x 2 m with thinning of (a) 0%, (b) 25%, and (c) 50%.

The highest development of MADI in the remaining stands was identified at a spacing of 10
m x 2 m, namely 2.36 cm/year (Fig. 5). This suggests that thinning is implemented by selectively
removing plantation trees to reduce competition for light, water, and nutrients as well as to provide
growing space for the remaining trees, thereby improving the yield and wood quality (Ashton and
Kelty 2018; Bose et al. 2018). DBH development in clonal teak plantation requires optimal
growing space and stand density (Vigulu et al. 2019; Seta et al. 2021).
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Fig. 5. The effect of different thinning intensities on growth characteristics, competition index,
and canopy openness across all spacing treatments in the remaining stand of clonal teak
plantation, for the following parameters: (a) DBH, (b) MADI, (c) vol, (d) Competition index, and

(e) Canopy openness.

Therefore, thinning should be carried out intensively and frequently to maintain and
optimize DBH and MADI growth until the end of the cycle (Fig. 5a and Fig. 5b). Other studies
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also reported that thinning significantly affected plant DBH, but it did not affect the height growth
(Medeiros et al. 2017; Seta et al. 2021). Increasing thinning intensity reduced the volume of
remaining stands (Fig. 5c). A 50% increase in intensity reduced the volume of remaining stands
by a range of 31.63% to 40.02%. This was attributed to reduced numbers of individuals due to
thinning activities, which reduced stand volume per unit area (Vigulu et al. 2019; Seta et al. 2021).
A 50% thinning intensity increased the number of individuals in the large-diameter class. For
example, a 0% thinning intensity at a spacing of 3 m x 3 m did not produce any individuals in the
diameter class > 30 cm. In contrast, a thinning intensity of 50% with a spacing of 10 m X 2 m
produced 9 £ 1.8 individuals with a diameter class = 30 cm (Table 6). The enlargement of the
diameter class size was due to increased thinning intensity, which increased CO and reduced Cl
(Fig. 5d and Fig. 5e).

Table 6. Distribution of diameter classes and number of individuals under each thinning intensity
per plot in each block

Number of individuals in each thinning intensity plot per block (m x m)

Diameter class (cm) 0% 25% 50%
3x3 6x2 8x2 10x2 3x3 6x2 8x2 10x2 3x3 6x2 8x2 10x2
10-14.99 313 1+0.3 - 1+£0.7 - - - - - -
15-19.99 615 4+13 3x03 2+09 510 106 - - 3+x0.7 - - -
20-24.99 5+15 14+06 6+19 3x15 6+x12 8+x28 3%+09 2+03 8x15 8+34 2x06 1zx03
25-29.99 1+13 5+15 102 7+£37 1+£07 7+09 8+26 8+12 1x0 5+19 10+17 506
>30 - - 2+13 8+24 1+07 1+13 5x15 8%£26 00 2+15 3+x19 9z*18

High-intensity thinning (50%) increased crown development in teak stands. The open growing
space after thinning enabled the remaining stands to increase crown development, allowing them
to compete more effectively for important growth-supporting resources, such as light. This
positively impacted the rate of plant photosynthesis, which ultimately played a crucial role in cell
enlargement, including DBH development. Although a 50% thinning intensity reduced stand
volume per unit area, this treatment simultaneously increased managers' and landowners' income.
This was because the DBH of the remaining stands after 50% intensity thinning was larger and
had a greater number of DBH than at 0% and 25% at all spacings. A higher thinning intensity also
increased the distribution and number of large-diameter classes in the remaining stands. Therefore,
the remaining stands generated higher revenues compared to the control, as the price of teak per
unit volume was partly determined by the diameter (Table 6) (Stewart et al. 2020; Seta et al. 2021).

The results showed that increasing thinning intensity did not affect the PP of teak wood. PP
at thinning intensities of 0%, 25%, and 50% was 19.57 mm, 19.91 mm, and 19.89 mm,
respectively. This result indicated that variations in stand density after thinning did not
substantially alter this wood property. Moreover, the relatively similar PP values across all
thinning treatments indicate that teak trees maintained stable wood formation despite differences
in available growing space. Furthermore, the value was higher than the PP reported in other studies
on teak plantations aged 12, 15 and 24 years (Hidayati et al. 2019; Seta et al. 2021). It suggested
that the teak wood in this study had comparatively better characteristics, likely associated with
favorable site quality, silvicultural practices, climatic conditions, or the genetic sources used in the
plantation. The finding also implies that moderate-to-heavy thinning can be applied to improve
stand growth and diameter increment without adversely affecting the PP of teak wood, which is
important for maintaining timber quality while optimizing plantation productivity.
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Based on the results, variations in thinning intensity across different spacings exerted
minimal influence on the PP value, which served as an indicator of the wood’s basic density. Since
SWV is a nondestructive method for measuring the mechanical properties of wood (Masendra et
al. 2023), the stress velocity in this study showed no significant differences across the various
thinning intensities. Clonal teak wood in various thinning levels did not affect the dynamic
Young's modulus, as SWV was correlated with mechanical properties. Thinning intensity at
various spacings in a clonal plantation affected wood properties, as PP and SWV were correlated
with physical properties (Seta et al. 2021). Moreover, it did not affect the wood quality of the
clonal teak plantation (Widiyatno et al. 2024).

4. Conclusions

In conclusion, the productivity of clonal teak plantation was improved by adjusting spacing
and thinning treatments. Increasing spacing affected the development of DBH, MADI, CD, CO,
and PP. The increase in DBH development at relatively wide spacing was due to higher CD and
CO, and lower CI values. However, the rise in DBH due to wide spacing reduced TBH of the
remaining stand. Maintenance activities, such as pruning, are silvicultural actions that should be
carried out to ensure the remaining stands have straight trunks, large DBH, and optimal TBH.
Therefore, at the end of the cycle, high-quality clonal teak wood would be obtained. This study
demonstrated that thinning intensity treatment applied at every level of spacing treatment increased
DBH, MADI, volume, CO, and reduced CI values. Heavy thinning (50%) produced residual stands
with larger DBH, and more trees in the large DBH class were recorded at a spacing of 10 m x 2
m.
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