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Abstract

Tree breeding of teak results in selected clones with high growth. Intensive silviculture is required to support a large-
scale clonal teak plantation. Appropriate spacing is one of the methods to increase forest plantation productivity.
Research of teak clone spacing was conducted on a seven-year-old clonal teak plantation with randomized
completely block design. The treatments tested in this study were four plant spacing distances, namely, 3m % 3 m, 6 m
x2m,8m x2m, and 10 m x 2 m. Results show that spacing had significantly different effects on diameter, height,
bole height, branch angle, crown area, crown projections, volume, and competition index. However, the height
growth did not exhibit any significant differences. The 10 m % 2 m spacing produced the best diameter growth, crown
area, and competition index, but has a low volume per hectare and the lowest height of free branch and branch angle.
Meanwhile, the 3 m x 3 m spacing will increase bole height and stand volume per hectare. This result suggests that
spacing could improve the growth of teak clone but must be followed by intensification of proper maintenance to

reduce branch angle and increase bole height.
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Introduction

Teak (Tectona grandis L.f.) is the most important
hardwood species in the world (FAO, 2013) because of its
strength, straightness, workability, resistance to many pests
and diseases (Zanin, 2005), and durability and stability
(Palanisamy et al., 2009). In the timber trade, teak is a high-
value product from an economic, environmental, and social
perspective, and is a major component of the forest economy
in many tropical countries (Wehr et al., 2016; Zhou et al.,
2017). Globally, teak is the only hardwood resource planted
on a large scale and has attracted large investments from the
private sector in Africa, Asia, and Latin America (Kollert &
Cherubini, 2012).

The world's source of teak wood is >29 million ha of
natural forests and 6.89 million ha plantations (Kollert &
Chaerubini, 2012). The global consumption of teak continues
to increase, whereas the source of teak from natural forests
decreases due to illegal logging and competition with other
natural resources. Efforts to plant teak globally are needed.
Teak forest plantations in the world cover between 4.35 to
6.89 million ha, of which more than 80% are grown in Asia,
10% in Africa, and 6% in tropical America (Kollert & Kleine,
2017). The largest teak forest in Indonesia is found on the
island of Java, in which the teak forest area is 1,000,534 ha or
67% of Java's production forest (Perhutani, 2014). Teak
plantations are declining due to forest degradation. In 2012,
teak forests in Java covered an area of 1,750,860 ha (MoF,
2012), which means a decrease of 750,326 ha.

Teak breeding in Indonesia has been conducted since
1983-1997 with a collection of 680 plus trees from various
locations in Indonesia, the final goal of which is to increase
the productivity of teak plantations (Na'iem, 2000). Thus, a
selected plus trees would be established for progeny and
clonal tests to produce superior seeds and improve tree
genetic traits related to growth, stem form, branching, and
resistance to pests and diseases (Na'iem, 2000; Ling et al.,
2009). Tree breeding of teak showed that two superior clones
(numbers 97 and 110) were selected and planted in various
places in Java in 2003 (Na'iem, 2012). The selected teak
clones have a diameter of >2—-4 cm (Na'iem, 2000).

To support large-scale clonal teak plantation, plant
spacing needs to be adjusted to enable the teak plants to grow
optimally, produce quality wood products (Iddi et al., 1996),
and achieve a large diameter (Zahabu et al., 2015). Some
spacing distances used in teak plantation studies include
1.37 m x 1.37 m, 1.98 m x 1.98 m, 2.9 m x 2.9 m (Ola-
Adams, 1990); 1 m x 1 m (Haninec et al., 2016); and 2 m x 2
m, 3 m x 3 m,and4 m x4 m (Zahabu etal., 2015). However,
the mean annual increment (MAI) of teak's diameter
remained low, ranging from 1.1 cm year™ to 1.8 cm year ). In
contrast, the selected superior teak clone has high and fast
growth, thereby probably needing more space for growth and
to produce high-quality wood. Moreover, the fast growth of
teak clone could increase competition among individuals in
the early years of their growth. A previous study showed that
increasing the competition indices affected diameter and
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basal area growth (Contreras etal., 2011; Maleki etal.,2015).
A study on the effect of spacing on clonal teak has never been
conducted. On the other side, clonal teak had higher growth
than unimproved teak (Naiem, 2000; Budiadi et al. 2017),
thus the early growth evaluation should be conducted to
maintain the optimum growth of clonal teak until the end of
rotation. As a long rotation species, the initial spacing of teak
would affect tree growth and ensure competition among
individuals. Monitoring early growth of clonal teak at 7 years
after planting in different spacing should be evaluated to
provide an understanding of the spacing effect on growth. On
the other side, different planting spacing would show the
intensity of competition among individual trees (Harrington
et al., 2009). Therefore, this study needs to be performed to
broadly support large-scale clonal teak plantations.

Methods

Study site and research design The research was conducted
on a seven-years-old clonal teak plantation located at KPH
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Ngawi Perhutani, East Java, Indonesia, at latitude
S7°22'52.829" and longitude E111°18'17.466" and is a
lowland monsoon forest. The average temperature varies
between 32—-37 °C with an average humidity of 40-50%. The
dominant soil texture is clay soil with medium solum. The
climate of the region is the D type based on the Schmidt-
Ferguson climate classification, with a mean annual
precipitation of 1,172 mm (BPS Ngawi, 2018).
Approximately 90% of the precipitation falls between
November and April, and a small amount of precipitation
occurs between May and October. The research design was a
randomized complete block design, with four blocks as
replications (Figure 1). The treatment was four plant spacing
distancesof 3Imx3m,6mx2m,8mx2m,and 10 mx2m
(Figure 2). The plot for each treatment is a square plot of 4 x
50 plants. The stand density per hectare is in the range of
500-1,111 individuals ha’, depending on their spacing
(Table 1).

8x2
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Solo-Ngawi Highway

Block 1
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Figure 1 Layout of superior teak clones in four blocks.
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Figure 2 Various planting distances of superior teak clones.
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Data collection and analysis The collected data in our
research are tree growth, stem form, volume, and
competition index (CI) of clonal teak plantation. The tree
growth parameters observed in this study are diameter at
breast height (DBH) and height of the tree. The stem form
data include bole height, branch angle, crown area, and
crown projections. The tree height and free height of the
branches are measured by using a Haga meter, while the
diameter of the tree is measured by using a tape diameter at
breast height of 1.3 m. The branching angle of the tree in this
observation is divided into four classes, namely, class 1
(0°-22.5°), class 2 (22.6°—45°), class 3 (45.1°-67.5°), and
class 4 (67.6°-90°) (Table 2).

Horizontal and vertical projection was performed by
using SExI-FS software (Vincent & Harja, 2008). To
characterize the horizontal and vertical spatial of individuals
in each plot, the (x, y) positions of each tree in each plot were
recorded using a tape measure. Thus, the vertical projection
of the individual tree crown was delineated from the radial
length of the crown in the north, south, east, and west sides, in
addition to crown depth of the trees. Individual crown area
was visualized using a three-dimensional spatial model with
SExI-FS (Vincent & Harja, 2008).

The determination of tree growth space depends on the
size of the tree canopy because it is related to the
physiological space of the tree and can describe the projected
area and area of the tree canopy (Pretzsch et al., 2015). The
crown area is estimated on the basis of the assumption that
the crown area is equivalent to the shape of a circle, which is
calculated using the mean of the radius of the crown as shown
in Equation /7].

L=nr [1]
note: t=3.14, r=the mean of the radius of the header

The CI of each individual tree (subject tree) is calculated
using the Hegyi formula (1974) as shown in Equation /2].

_ n (%)
Cly = ) [2]
j=1

note: di = DBH in cm of subject tree-i, dj = DBH in cm of
competitor tree-j, Rij = distance in m between subject tree-i
and competing tree-j, » = number of competitor trees around
the subject tree-1.

For the average radius of the canopy, the average square
(Pretzschetal.,2015) is calculated as shown in Equation /3].

’ﬂ:"2 +rW? +rS5% + rN?

note: CR = crown radius, rE = crown radius in the east
direction, rW = crown radius in the west direction, rS = crown

Table 1 Stand density (number of trees per hectare)

Spacing Stand density (trees ha™)
3mx3m 1111
6mx2m 833
8§mXx2m 625
10m x2m 500
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radius in the south direction, rN = crown radius in the north
direction
The magnitude of the CI is the accumulation of the total

CI between trees that intersect with the subject tree. The
subject tree is the tree that is the object of research in
measuring the CI. This distance is expected to provide a
representative result to measure the CI depending on
distance. If the distance between competitors and the subject
tree is becoming shorter, then the CI value will be higher, and
the CI value will be lower if the distance between competitors
and the subject tree increases.

Volume (m’) of individual trees was calculated using the
following formula (Perez & Kanninen, 2003) as shown in
Equation /4].

V= (-0,0884 + 0,0297 * DBH)’ [4]
note: V = volume (m’ ha '), DBH = diameter at breast height
(cm).

Data were analyzed using one-way ANOVA to determine
the effect of planting distance on diameter growth (DBH),
height, bole height, branch angle, crown area, crown
projections, CI, and volume. Duncan's multiple regression
test was used for multiple comparisons among treatment
means. All the analyses were performed with SPSS statistical
software version 18.0 (SPSS, Inc., Chicago, IL, USA).

Results and Discussion

Space planting significantly affected the development of
DBH (F = 52.12), branch angle (F = 7.94), crown area (F =
303.15), and CI (F =57.514) on teak clones seven years after
planting (Table 3 and Table 4). However, spacing did not
affect the height growth of the teak clones seven years after
planting (F = 0.48) (Table 3). The 10 m x 2 m spacing
produced the highest DBH (23.03 cm), branch angle (61.95°),
and crown area (31.21 m’) among all treatments (Figure 3A,
Figure 4A, and Figure SA). The 3 m x 3 m spacing obtained
the lowest DBH (17.85 cm), branch angle (50.96°), and
crown area (13.84 m’) among all treatments (Figure 3A,
Figure 4A, and Figure 5A). Our results indicate that the
spacing would increase the number of individuals with a large
DBH, where the number of individuals of the class DBH > 25
cm at 10 m x 2 m spacing was the highest among all spacing
treatments (Figure 6). The 10 m x 2 m spacing would increase
the growth of teak clones by 22.5% compared with 3 m x 3 m
spacing, with a MAI diameter at 10 m x 2 m and 3 m X 3 m of
3.3 cmyear’ and 2.5 cm year’, respectively. However, DBH
MATI of 3 m x 3 m spacing in our study was 72 % higher than
the growth of teak in Tanzania (Zahabu et al., 2015).
Furthermore, the MAI of teak DBH in Nicaraguaat l mx I m
spacing was 0.8 cm year' indicating that lower growth than
the 3 m x 3 m spacing in our study and Tanzania (Haninec et

Table 2 Division of classes of branch angle (°)

Branch angle (°) Class
0-22.5 1
22.6-45 2
45.1-67.5 3
67.6-90 4
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Table 3 Effect spacing on DBH, height, branching angle, and crown area at seven years after planting

Source of  df DBH (cm) Height (m) Branching angle (°) Crown area (m?)
variation
MSE  F value MSE F value MSE F value MSE F value
Block 3 4.87 13.64 1.36 4.31 4493 3.59 2158.118 45.564
Spacing 3 18.60 52.12%** 0.15 0.48ns  99.20 7.94%* 14358.451  303.150%*
Note: df = degrees of freedom; MSE = mean squared error; * significant at p-value < 0.05; ** significant at p-value < 0.01; ns =
nonsignificantatt, s

Table4 Effectspacing onbole height, volume, and Cl atseven years after planting

Source of variation df Bole Height (m) Volume (m? ha'!) CI

MSE F value MSE F value MSE F value
Block 3 2.95 4.86 242351.069 45.361 0.575 14.539
Spacing 3 2.35 3.86* 224673.828 42.052 ** 2.275 57.514**

Note: df =degrees of freedom; MSE = mean squared error; * significant at p-value <0.05; ** significant at p-value <0.01; ns=non
significantatt, s
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Figure 3 Means and 95% confidence intervals for diameter at breast height/DBH (A) and volume (B) for each spacing treatment.
Different letters indicate significant differences among spacing att ;.
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Figure4 Means and 95% confidence intervals for branch angle (A) and bole height (B) for each spacing treatment. Different
letters indicate significant differences among spacing att, .
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significant differences among spacing att, .
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Figure 6 Graph of diameter class of superior teak clones at four plant spacing distances.

al, 2016). On the other hand, the physical and chemical soil
properties was an important factor affecting the teak growth
(Tanaka et al., 1998; Zhou et al., 2017) but it was not main
factor in our research because all of the treatments were in
same soil fertility condition. This finding suggests that the
selected teak clone with wider spacing would increase
diameter of the teak plantation. Perez and Kaninen (2005)
observed a significantly rapid decrease in the MAI of teak as
planting spacing decreases.

Moreover, spacing affected the growth of bole height
(F=3.86) and volume per hectare (F =42.052) (Table 4). The
3 m % 3 m spacing produced the best growth of bole height
(6.54 m) (Figure 4B) and volume (252.2 m* ha") (Figure 3B)
among all treatments. The 10 m x 2 m spacing produced the

lowest bole height (4.79 m) (Figure 4B) and volume (182.31
m’ ha') (Figure 3B). The CI was significantly different
among spacing (F =57.514) (Table 4), with the highest CI of
1.14 and the lowest CI of 0.55 forthe 3m x 3 mand 10 m x 2
m spacing, respectively (Figure 5B). The increase in DBH
from teak clones was strongly influenced by spacing as a
function of plant growth space and density of individuals
(Nahuel etal., 2019). The DBH of the 3 m x 3 m spacing was
22% lower than that of the 10 m x 2 m spacing because the
stand density of 3 m x 3 m was 50% greater than that of the 10
m x 2 m spacing (Table 1). The reduction in DBH was due to
teak being an intolerant species that requires more open
space for growth (Budiadi et al., 2017; Zahabu et al., 2015;
Ola-Adams, 1990). However, an increasing number of
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individuals would increase the CI of teak clones by 51.7%
(Figure 5B), reduce the development of canopy and roots
(Zahabuetal.,2015), and suppress teak growth (Pachas et al.,
2019; Ugalde, 2013). Moreover, the 10 m x 2 m spacing (20
m’) increased the development of the canopy area by 55.6%,
which is greater than that of 3 m x 3 m spacing seven years
after planting (Figure 7). This condition might be caused by
increasing intraspecific competition, which suppresses the
growth of higher-density stands (Woodruff et al., 2002). This
finding showed that spacing 3 m x 3 m should be thinned
earlier than others spacing due to the highest CI value. On the
other hand, the fast growth of teak clones needs appropriate
space along rotation maintaining their growth through
thinning. For instance, the 50% intensity of thinning at 5
years after planting increased diameter growth than un-
thinned stand (Budiadi et al., 2017), because thinning would
reduce density and increase spacing of the residual stand
(Budiadi et al., 2017). This finding also suggests that

L R T

(c)
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increasing the spacing will increase the width of the plant
canopy so that it is likely to increase photosynthesis and the
capture of sunlight used in photosynthetic activity, thereby
enhancing the tree growth (Meng et al., 2007).

In contrast, spacing has no significant effect on the height
growth of teak (p-value) (Table 3), with the best of spacing
for height growth being 8 m x 2 m (Figure 8). This result may
have occurred probably because height growth is affected by
site quality (Malimbwi et al., 1992; Cardoso et al., 2013;
Medeiros et al., 2018), thereby indicating that the height
growth of teak is not affected by stand density (Cardoso et al.,
2013; Medeiros et al., 2018), but the height growth is
sensitive to differences in site quality. Ola-Adams (1990)
examined the effect of spacing on the growth and yield of
Tectona grandis and Terminalia superba. Spacing has no
significant effect on the mean total height of teak, but T.
superba showed significant differences in mean total height
with increasing spacing. This result suggests that the

(d)

Figure 7 Vertical and horizontal projection of the clonal teak seven years at different initial planting distances;
spacing(a) 3 mx3m®b)6mx2m(c)8mx*x2m(d) 10 mx 2 m.
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each spacing treatment.

different height growth is affected not by stand density but by
site quality and genetics.

Implications of spacing for teak wood products In
production forests for saw timber purposes, forest
plantations play an important role in obtaining desired wood
characteristics and optimizing growth (Pfister et al., 2007)
because one of the factors that affect the price of teak wood is
log size. The price of small log (Al grade, diameter: 1619
cm), medium log (AIl grade, diameter: 22-28 cm), AIIl
grade (diameter: 30—39 cm), and AIV grade (diameter: 40—49
cm) differ according to size.

Increasing the spacing would improve the diameter
growth, but it would decrease the bole height and increase the
branch angle. Increasing the spacing (10 m X 2 m) would
reduce the bole height by around 36.5% compared with the 3
m % 3 m spacing. Bole height is important for teak plants
because it is related to wood quality and is the most important
characteristic in determining the value of teak wood (Goh,
2016). A higher bole height will increase the yield of teak for
its use for the construction of houses, ships, furniture, panels,
joinery, and plywood, among others (Sreekanth et al., 2012).
Furthermore, spacing will increase the angle of teak
branching. The longest plant spacing (10 m x 2 m) produced a
larger branching angle than other spacing distances. A large
branching angle may probably cause greater wood defects,
which will greatly reduce the quality of teak wood. In relation
this matter, teak planting with a wide spacing must be
followed by intensified maintenance in the form of pruning,
leaving one-third of the height (Budiadi etal., 2017). Pruning
maintenance will eventually produce teak plants with good
DBH, total height, bole height, and optimal branching angles
because the pruning action does not have a direct effect on
teak growth but increases the quality of the teak wood and
yields in wood processing.

Conclusion

Plant spacing in teak clones has an important role in
ensuring high productivity and producing good-quality teak
wood in early teak clone growth. Increasing space planting of
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teak, i.e. 10 m x 2 m, increases the DBH due to the
development of the canopy area and reduces the Competition
Index (CI), thereby producing a higher diameter class and
economic value. However, increasing spacing shows in a
lower bole height, which affects the wood quality. Thus,
forest maintenance, i.e. pruning, should be more intensive to
produce high-quality of clonal teak wood. Meanwhile, the
narrow spacing, i.e. 3 m x 3 m, would reduce the DBH
growth due to increasing competition index among
individuals. The high number of individuals in the same area
will increase the CI of teak clones by 72.5% and decrease the
area of the teak canopy area. Thus, thinning as forest activity
should be done earlier to maintain the DBH growth of
residual trees. For this reason, a combination of plant spacing
and plant maintenance in the form of pruning and thinning
can ensure good teak clone growth and quality.
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