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Chapter 1 Introduction

1.1 Significance of teak plantation forestry in Indonesia

Teak (Tectona grandis L.f.) was firstly introduced from India to Indonesia
especially in Java Island, during the 14th century by the Hindus (Simatupang 2000a;
Siswamartana 2005). Then, teak was extensively planted in Java Island under the
control of Sultans in 15th century. With the arrival of the Portuguese in 15th century
and the Dutch in 17th century, the demand for the durable teak timber for general
construction and ship building intensified. By 1748 the Dutch East India Company
controlled all teak forests and monopolized teak trading. Influenced by three German
foresters, all the Javanese teak forests were brought under regular management in the
late of 1800s. The taungya regeneration method was also introduced in 1873, and
since 1895 almost all teak forests have been regenerated by this system. Taungya is a
system in which farmers plant tree seeds or seedlings to establish a forest plantation
and in association with their food crops (Evans and Turnbull 2004).

Nowadays, teak plantation in Indonesia is categorized into two types, state
forests (in Java and outside of Java) and small-scale plantations/community forests
(Siswamartana 2005). State forest is that grown on the state land. At present, about
90% of teak forest grown on the state land in Indonesia is located in Java Island,
which is managed by a government forest enterprise, i.e. “Perum Perhutani”. Total
teak plantation in Indonesia is 1,269,000 ha (Kollert and Cherubini 2012). In 2013,
total area of Perum Perhutani was 2,522,253 ha, consisting of 1,829,502 ha of forest
production area and 692,751 ha of forest conservation area (Suhaendi 1998; Perum
Perhutani 2014a). Among the total area of forest production, 60% is occupied by
teak and other 40% is dominated by Gmelina arborea, Acacia mangium, Falcataria
moluccana, Switenia mahogany etc. (Siswamartana 1998; Perum Perhutani 2014a).
In the other islands of Indonesia (Sulawesi, Sumbawa, Maluku, and Sumatra), teak
forests are managed by local governments and local communities. Furthermore, in
Indonesia, small-scale plantation is also established by the local communities in the
private lands in Java and outside of Java Island (Siswamartana 2005). These
small-scale plantations are called “community forests”. In the community forest, teak
is also selected as plantation species, because its wood has high value. Teak

community forest became common on Java Island in 1960s. By the 1980s, teak



production was regarded as an attractive alternative source of living hood.
Furthermore, community forest teak production has become an important source of
raw material for teak wood industry and income for the rural family (Roshetko et al.
2013).

The total of the industrial demand for teak timber in Indonesia is estimated to
about 1.5 to 2.2 million m’ per year (Roda et al. 2007). In 2012, a government forest
enterprise, Perum Perhutani, which is the largest manager of teak plantations in Java,
produced 403,432 m’ of teak, and most of produced wood resources were sold to the
commercial teak wood industry (Perum Perhutani 2012). After 1985, supply of teak
wood decreased almost every year (Mawardi 2012). Until now, supply of wood
including teak and other species is not enough to fulfill the demand of wood
industries in Indonesia. The increase in wood demand is about 13 — 17% every year,
caused by increasing number of the human population in Indonesia (Mawardi 2012).
Therefore, the shortage of the supply of teak wood is a serious problem for wood
industry in Indonesia. To solve the unbalance of demand and supply of the wood,

more efficient forestry system is needed for teak wood production in Indonesia.

1.2 General features of teak
1.2.1 Botany and ecology

Teak (Tectona grandis L.f.) belongs to family Lamiaceae. Teak is a tree native
to the monsoon regions in India, Myanmar, Laos, and Thailand (Bermejo et al. 2004;
Robertson and Reilly 2005; Ogata et al. 2008; Palanisamy et al. 2009). It has also
been introduced to Indonesia, Malaysia, Sri Lanka, Africa, South America, Central
America, and Australia (Palanisamy et al. 2009). In Indonesia, teak plantation
spreads in Java, Sulawesi, Sumbawa, Maluku, and Sumatra (Martawijaya et al.
2005).

The size of teak tree ranges from medium to large to 50 m in height, and has
straight bole, with a diameter up to 150 — 250 cm (Fig. 1.1A), sometime fluted or
with low buttresses at base, bark surface with longitudinal cracks and grayish-brown
color (Fig. 1.1B), and leaves with broadly ovate (Fig. 1.1C) (Soerianegara and
Lemmens 1994). Traditionally, teak plantations are managed on rotations of 60-80
years (Lukmandaru and Takahashi 2008; Niamké et al. 2011).

Teak naturally occurs in the various types of tropical deciduous forest. The



various teak forest formations can be categorized into three main types: moist natural
formation (annual rainfall of 1300 — 2500 mm), dry natural formation (annual
rainfall of 760 — 1500 mm), and Indonesian formation (annual rainfall of 1200 —
2000 mm) (Soerianegara and Lemmens 1994). Optimal growth is attained with an
annual rainfall of 1200 — 2500 mm of which 75% falls in the rainy season. The
altitudinal limit lies around 1000 m (Soerianegara and Lemmens 1994). In Indonesia,
especially on the Java Island, teak grows at elevations of 100 — 700 m (Bailey and
Harjanto 2005). The most suitable soil is a deep and well-drained, fertile
alluvial-colluvial soil with pH of 6.5 — 8.0 and relatively high calcium and phosphor

contents (Soerianegara and Lemmens 1994).

1.2.2 Wood

Teak produces well-known and very good general-purpose timber. Its favorable
properties make it suitable for a wide variety of purposes. In the past time, it was
extensively used for deck houses, rails, latches, weather door etc. Other applications
of teak are building poles, transmission line poles, fence posts, wall boards, beams,
woodwork, boxes, musical instruments, toys, railway sleeper, and railcar
construction. Recently, teak is used in housing, particularly suitable for interior and
exterior joinery (windows, solid panel doors, framing), and floors exposed to light. It
is also used quite extensively for the manufacture of house and garden furniture
(Soerianegara and Lemmens 1994, Martawijaya et al. 2005; Niamké ef al. 2011).

The wood is semi ring-porous in natural trees growing in the regions with
alternating dry and wet seasons. Sapwood color is pale yellowish white to pale
yellowish brown. Heartwood color is dull golden brown when it is fresh, turning
gradually brown to dark brown on exposure to the light, often with black brown
streaks on the longitudinal surfaces. In the wood from plantation trees (Figs. 1.2 and
1.3), especially those planted in the region without distinct dry season, heartwood
color is usually paler than that of natural trees, yellowish brown, often with greenish
tinge, and with less pronounced ring porosity (Soerianegara and Lemmens 1994;
Ogata et al. 2008).

Air-dry density is 0.56 — 0.75 g/cm’, with relative small variation, mostly
between 0.60 — 0.70 g/cm’. The difference of wood density between is not very great

between natural trees and plantation (Ogata et al. 2008). Soerianegara and Lemmens



(1994) reported that at 12% moisture content the modulus rupture, modulus of
elasticity, compression parallel to grain, and compression perpendicular to grain are
85 — 106 MPa, 10.0 — 13.4 GPa, 47 — 60 MPa, and 6.0 — 7.5 MPa, respectively
(Soerianegara and Lemmens 1994).

Vessel is predominantly solitary, some in multiples of 2 — 3 (— 6); maximum
tangential diameter of earlywood solitary vessels is 300 — 400 pm in ring-porous
wood, 200 — 250 um in diffuse-porous wood, and maximum diameter of latewood
vessel is 50 — 290 um (Fig 1.3C). Fibers exclusively septate with 2 to several septa
per fiber; fiber length, fiber tangential diameter, and fiber wall thickness are 1.1 — 2.0
mm, 10 — 25 um, and 3 — 5 um, respectively (Soerianegara and Lemmens 1994;
Ogata et al. 2008).

The wood contains 47.5% cellulose, 30% lignin, 14.5% pentosan, 1.4% ash, and
0.4 — 1.5% silica; the solubility is 4.6% in alcohol-benzene, 1.2% in cold water,
11.1% in hot water, and 19.8% in a 1% NaOH solution, respectively (Soerianegara
and Lemmens 1994). Narayanamurti et al. (1962) reported that total ethanol and
methanol extract contents at the inner heartwood of 10-, 30-, and 62-year old teak
trees from India were 6.5 — 6.6%, 6.3 — 7.4%, and 5.5%, respectively. The total
petroleum-ether, acetone/water, and ethanol/water extract contents at the outer
heartwood of 29-year-old teak trees were 8.8 — 9.4% (Haupt et al. 2003). Bhat et al.
(2005) reported that total ethanol-benzene extract content was 12.4 — 16.0% in
35-year-old teak planted in India. Lukmandaru et al. (2009) reported that the values
of n-hexane, ethyl acetate, methanol, cold water, and hot water extract contents of
32-year-old teak trees planted in Indonesia were 3.3 — 4.1%, 1.2 — 1.6%, 2.0 — 2.6%,
1.3 — 1.4%, and 2.4 — 2.6%, respectively. They also found that total extract content
with ethanol-benzene in the outer heartwood of 8-, 30-, and 51-year-old teak trees
planted in Indonesia were 5.3, 7.0, and 8.0%, respectively (Lukmandaru and
Takahashi 2009).

It is known that teak wood has natural durability against fungal and insect
attacks (Rudman et al. 1967; Yamamoto and Hong 1989; Thulasidas and Bhat 2007;
Lukmandaru and Takahasi 2008, Lukmandaru et al. 2009). The mass loss of
35-year-old teak wood attacked by a brown-rot fungus Polyporus palustris and a
white-rot fungus Trametes versicolor were 184 — 433% and 1.7 — 1.9%,

respectively (Bhat ef al. 2005). The mass losses of teak wood in the inner heartwood



attacked by the white-rot fungus 7. versicolor (Syn. Coriolus versicolor) were 54, 55,
and 8% for 13-year-old teak trees planted in New Guinea, 14-year-old teak trees
planted in Indonesia, and 168-year-old teak trees planted in Burma, respectively
(Rudman et al. 1967). Yamamoto et al. (1998) reported that mass loss at the
heartwood part attacked by 7. versicolor in 30-year-old teak trees planted in
Malaysia was 3.2%. In addition, another study reported that mass losses of the
heartwood part attacked by 7. versicolor were 11.0, 11.8, and 7.6% respectively for
13-, 21-, and 55-year-old teak trees planted in India (Bhat and Florence 2003). In

general, the older tree has higher natural durability than the younger age in teak trees.

1.3 Tree breeding for wood properties
1.3.1 Significance of tree breeding for wood properties

Wood is a very variable substance with differing among species and genera,
among geographic sources within a species, and among trees with a geographic
source as well as within each individual tree (Panshin and de Zeeuw 1980; Zobel and
van Buijtenen 1989). Furthermore, tree-to-tree variability is especially large, with
differences within a species often under strong genetic control (Zobel and van
Buijtenen 1989; Zobel and Jett 1995; White ef al. 2007). On the other hand, for many
years, tree improvement programs only included growth, form, adaptability, and pest
resistance in their assessments while did not include wood properties (Kedharnath et
al. 1963; Zobel and van Buijtenen 1989; Costa e Silva et al. 1994; Kjaer et al. 1999;
Zobel and Jett 1995; Goh et al. 2007). With the large variability of the wood
properties within the trees, the high possibility was arisen to improve wood quality
and produce more uniform and usable wood products. Therefore, wood quality
improvement should be included as an integral part of the breeding programs
(Kedharnath et al. 1963; Zobel and van Buijtenen 1989; Zobel and Jett 1995; Ishiguri
et al. 2007; Pedersen et al. 2007).

1.3.2 Evaluation methods of genetic variances and heritabilities

The total variance is the phenotypic variance, or the variance of phenotypic
values, and is the sum of the separate components (genetic and environmental
factors) (Falconer 1989, Zobel and Jett 1995). Thus, the total variances with certain

qualifications are
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Where, o°p denotes the variance of phenotypic values, o”¢ the total variance of
genotypic value, 0?4 the variance of additive/breeding value, o°p the variance of
dominance value, ¢’; the interaction variance, and ¢°x variance of environmental
values, respectively. There are two certain qualifications, the first, the genotypic
values and environmental deviations may be correlated, and the second, there may be
interaction between genotype and environment (Falconer 1989).

Although heritability is generally used relative to genetic differences among
individuals within a given population of a species, it is also occasionally applied to
populations, such as families, provenances, and rarely, even different species.
However, heritability is nothing more than a ratio that expresses the degree to which
a characteristic is passed from parent to offspring (Zobel and Jett 1995). Two
commons measures of the relative amount of genetic control for a given trait in a
population are the broad-sense heritability (H°) and narrow-sense heritability (4°)
(Falconer 1989, Zobel and Jett 1995; White ef al. 2007). The H* (or repeatability, R)

is the ratio of the total genetic variance to the total phenotypic variance:

H* =6’/ [0°6 +0°E]

= (0'2,4 +O‘20 +621) / [(O'ZA +O'2D +O'21) +O'2E]

The A* is the ratio of the additive genetic variation to the total phenotypic

variation:
h2 =O'2A / [(0'2,4 +O'2D +O‘21) +O'2E]

Both #* and H* are trait-, population-specific, and also greatly influenced by
homogeneity of the environment containing the genetic test condition. Further, true
heritabilities, which are never known, must be estimated from field experiments
employing offspring (clonal offspring for estimation H* and sexual offspring for

estimation /4%). In general, heritablities are difficult to estimate and require large



numbers of clones and/or families for precise estimates (White ez al. 2007).

1.3.3 Heritability of growth characteristics and wood properties in hardwoods

In forest tree population, heritability estimates have been calculated for many
traits, such as those reflecting physiological processes, phenology of annual growth
and flowering, stem growth, and wood quality (White ez al. 2007). In general, the /4’
for many stem growth and form traits range from 0.10 — 0.30, while for wood
specific gravity (wood density) they range from 0.3 — 0.6 in softwood and hard wood
(White et al. 2007). The genetic control for growth traits is lower than that for wood
traits, because growth is a polygenic trait strongly influenced by environment (Hein
2011). Hai et al. (2008) reported that clonal R ranged from 0.28 — 0.47 for height,
0.21 — 0.56 for diameter at breast height, 0.21 — 0.54 for stem volume, 0.21 — 0.32
for straightness, and 0.21 — 0.28 for branch thickness in A. auriculiformis planted in
Vietnam. In addition, the 4* of height, diameter, stem form, and bark thickness were
0.33, 0.40, 0.54, and 0.18, respectively for 4. mangium planted in Indonesia (Susanto
et al. 2008). The 4* of stem diameter and tree height ranged from 0.16 — 0.33 in
Eucalyptus spp. (Muneri and Raymond 2000; Pelletier et al. 2008; Costa e Silva et al.
2009).

Genetic control of most wood properties is moderate to very strong. Wood
variation results from environmental differences, genetic differences, and their
interaction (Zobel and Jett 1995). However, genetic improvement of wood has
focused on manipulating density with limited emphasis on other traits (Zobel and Jett
1995). Wood density is an important wood property for both solid wood and fiber
products in both conifers and hardwoods. It is absolutely the single most important
wood property because of its strong relationship to both of yield and quality as well
as its large variance and high heritability (Zobel and Jett 1995; Hein 2011). The /*
and H* of wood density were 0.18 and 0.47, respectively in A. auriculiformis
(Susanto et al. 2008; Hai et al. 2010). In Eucalyptus spp., the h* for wood density
was 0.33 — 1.00 (Muneri and Raymond 2000; Santos et al. 2004; Pelletier et al.
2008; Hein 2011). In addition, only a few researches have been conducted on
mechanical properties in hardwood breeding program. Hai et al. (2010) reported that
clonal R for modulus of elasticity and modulus of rupture in 4. auriculiformis were

0.57 and 0.29, respectively. In E. grandis, h* of compressive strength parallel to



grain and static bending were 0.57 and 0.50, respectively (Santos et al. 2004).

Except most for wood density, the inheritance of fiber length has been studied
intensively for wood property in the hardwood because it is often considered as the
limiting factor in their use. Fiber length has been reported to have moderate to strong
heritabilities. However, of all wood properties, fiber length is affected rather strongly
by both genetic and environment. Fiber diameter and wall thickness are reasonably
strongly inherited, though they are closely related to specific gravity, separate
genetic breeding is rarely applied for them. The vessel also has a strong inheritance
(Zobel and Jett 1995). The H* of fiber length, fiber diameter, fiber wall thickness,
and vessel diameter were 0.14 — 0.61, 0.35, 0.50, and 0.22, respectively in P.
deltoides (Klasnja et al. 2003; Pande and Dhiman 2011).

Extractive is usually strongly inherited, whereas there is a few studies showing
the low inheritance value (Zobel and Jett 1995). The H* values of extractive content
were 0.18 and 0.99 in P. tremuloides and P. deltoides, respectively (Yanchuk et al.
1988; Klasnja et al. 2003). In addition, 4* of extractive content was 0.28 — 0.54 in E.
urophylla (Denis et al. 2013). Furthermore, 4> of extractive content was reported to
be moderate value (0.35) in E. globulus (Poke et al. 2006).

Although wood color is generally thought to be influenced by the environment,
reasonably strong genetic component has been found for some species (Zobel and
Jett 1995). Genetic control of wood color was reported to be controlled less
genetically in Quercus spp. (Mosedale ef al. 1996). The variation of wood color of E.
dunii was low, while significant difference was found among half-sib family
(Vanclay et al. 2008). Montes et al. (2008) reported that 4> values of brightness (L*),
yellowness (a*), and redness (b*) were 0.48, 0.52, and 0.52, respectively for
Calycophyllum spruceanum. In teak wood color, the H* values of L*, a*, and b*
were 0.45, 0.36, and 0.36, respectively (Moya and Marin 2011).

1.3.4 Evaluation methods of wood properties in tree breeding programs
Though assessing wood properties for selection and breeding programs requires
the investigation in a large number of family/clone, a sufficient number is still
limited. In fact, it is very difficult to cut the sample trees in a large number. In
addition, traditional methods of assessment are not only costly but also they cause

the destruction of the sample trees and the loss of genetic materials (Raymond and



MacDonald 1998; Muneri and Raymond 2001; Pelletier ef al. 2008). These factors
are promoting the development and evaluation of non-destructive methods for
assessing wood quality (Pelletier et al. 2008). In the present study, the following
semi- or non-destructive evaluation methods for wood properties were applied to

evaluate the among-clone or -family variation in wood properties of teak.

1.3.4.1 Stress-wave velocity

The stress-wave method is a well-known non-destructive method for evaluating
wood quality. Stress-wave propagation in wood is a dynamic process which is
internally related to the physical and mechanical properties of wood. Several
different types of waves can propagate in wood structure, such as longitudinal, shear,
and surface waves. Of these waves, longitudinal travel fastest and are the most
commonly used to evaluate wood properties (Wang et al. 2000, 2001; Ishiguri et al.
2007, 2008, 2013; Wu et al. 2011). One of the commercial stress-wave devices
used widely is FAKOPP micro second timer. It was developed in Hungary, shows
promise for use on standing trees and hence is suitable for screening progenies
(Jayawickrama 2001; Kumar et al. 2002). This device measures the transit time of a
stress-wave between two transducers (Bucur 2006; Brashaw et al. 2009). There is a
significant, positive relationship between the SWV of standing trees or logs and the
Young’s modulus of logs (Nanami et al. 1993; Ross et al. 1997; Ikeda and Arima
2000; Wang et al. 2001; Dickson et al. 2003; Ishiguri et al. 2007, 2008, 2013; Wu et
al.2011).

SWYV has also been used to evaluate the mechanical properties, such as stiffness
in the breeding program (Jayawickrama 2001; Kumar et al. 2002; Wu et al. 2011;
Hidayati et al. 2013a,b). Jayawickrama (2001) reported that combining stress-wave
results with density and branch cluster frequency could well be a viable and
cost-effective way to select progenies for clearwood stiffness in the juvenile wood
zone in pine. In addition, the 4 of the SWV was 0.46 for radiata pine progeny test in
New Zealand (Kumar et al. 2002). In 4.3-year-old Eucalyptus spp. planted in
Southern China, SWV was significantly different among 23 clones (Wu et al. 2011).



1.3.4.2 Pilodyn penetration

The Pilodyn wood tester is an instrument originally developed in Switzerland for
determining the degree of soft rot in wooden telephone poles (Taylor 1981; Moura et
al. 1987; Hansen 2000). A Pilodyn is a hand-held instrument which fires a flat-nosed
pin into a tree with a fixed force (Taylor 1981; Sprague et al. 1983; Nicholls 1985;
Greaves et al. 1996; Raymond and MacDonald 1998; Hansen 2000). The depth to
which the pin penetrates is indicated on the instrument and is inversely proportional
to the density of wood. Negative correlations have been reported between Pilodyn
penetration and wood density (Taylor 1981; Moura ef al. 1987; King et al. 1988; Wei
and Borralho 1997; Iki et al. 2009; Wu et al. 2010, 2011).

Pilodyn was introduced as a non-destructive assessment of density in tree
breeding program (Sprague et al. 1983; Moura et al. 1987; King et al. 1988; Woods
et al. 1995; Hansen 2000). Pilodyn sampling is a faster, cheaper, and non-destructive
method, resulting in overall higher expected gains for selection on trees or culling of
seedling seed orchard in comparison with the more destructive direct assessment of
density (Greaves et al. 1996). Up to date, many researchers have used Pilodyn tester
for evaluating wood density in the tree breeding program (Sprague et al. 1983;
Moura et al. 1987; Costa e Silva et al. 1994; Hansen and Roulund 1997; Raymond
and MacDonald 1998; Wei and Borralho 1997; Iki et al. 2009; Wu et al. 2010, 2011).
Sprague et al. (1983) reported that Pilodyn penetration was significantly different
among provenances of Eucalyptus spp. planted in Australia and Timor. The R of
5-year-old E. camaldulensis was 0.69 — 0.77 planted in Australia (Raymond and
MacDonald 1998). Pilodyn penetration was significantly different among 22 clones
of 4.7-year-old Eucalyptus spp. planted in China (Wu et al. 2010). In addition,
Pilodyn penetration was also reported to be significantly different among 23 clones

of 4.3-year-old Eucalyptus spp. planted in Southern China (Wu et al. 2011).

1.3.4.3 Increment core

Increment core is the most common form of non-destructive sampling, and it has
long been used for growth assessments, for dendrochronology, and to establish forest
stand history (Pelletier et al. 2008). However, this method causes a small destruction
in the tree. Therefore, it is more proper that this method should include

semi-destructive method of wood property evaluation (Ishiguri et al. 2012).

10



More recently it has been used to asses some wood properties in softwoods and
hardwoods, employing a wide range of methods. Basic density, pulp yield, grain
angle, latewood proportion, extractive content, tracheid length, and reaction wood
proportion have been measured with increment cores by direct measurements
(Mosedale et al. 1996; Wei and Borralho 1997; Muneri and Raymond 2000, 2001;
Klasnja et al. 2003; Poke et al. 2006; Pelletier et al. 2008; Bush et al. 2011; Wu et al.
2010, 2011; Makino et al. 2012; Ishiguri et al. 2012), dissection (Klasnja et al. 2003;
Pande 2011; Pande and Dhiman 2011; Ishiguri et al. 2012), macerated (Kedharnath
et al. 1963; Muneri and Raymond 2001; Klasnja et al. 2003), image analysis/X-ray
analysis (Nocetti et al. 2011), and near-infrared reflectance analysis (Costa e Silva et
al. 1994; Poke et al. 2006; Denis et al. 2013).

1.4 Literature review for tree breeding of teak

Teak breeding programs have started in some Southeast Asian countries, such as
Thailand, Indonesia, Papua New Guinea, and Malaysia (Soerianegara and Lemmens
1994; Perum Perhutani 2000; Monteuuis et al. 2011). Selection of plus trees with the
establishment of clonal test sites, provenance trial sites, and progeny trial sites has
been employed. However, most of these programs only focuses growth
characteristics, such as stem diameter, tree height, volume, flowering, stem

straightness, and pest resistance (Callister and Collins 2008; Monteuuis et al. 2011).

1.4.1 Tree breeding programs of teak in Indonesia

Teak breeding and improvement programs in Indonesia have started in 1981 by
Perum Perhutani with the objective of increasing the productivity of teak plantations
using genetically superior seed, identifying the most suitable provenances for
particular areas, improving the genetic properties of trees with regard to growth, stem
form, branching, and resistance to pest and disease (Siswamartana 1998; Suseno
2000; Perum Perhutani 2000). These programs expected that all teak plantations will
be established using genetically improved seeds in the future (Suseno 2000).
Furthermore, the use of better planting material combined with proper silvicultural
practice is expected to reduce the time needed to achieve commercial stem diameter
(Siswamartana 2005).

The tree breeding and improvement strategy is implemented by establishing seed

11



production areas, utilizing plus trees for clonal seed orchard (CSO) establishment,
hedge garden, and tissue culture propagation. These implementations are to supply
adequate improved teak wood, seeds, and seedlings. Seed production areas are
established from the existing teak plantation. The stands are selected based on tree
phenotype (stem diameter, tree height, stem form, etc.). The collected seeds in the
seed production area are used for operational plantation. Plus trees are also selected
in the existing teak plantation mainly based on growth and stem form. The buds of
plus trees are grafted onto the rootstock for establishing clonal seed orchard (CSO).
During period of 1983 — 1996, total 1,303 ha of CSOs were established comprising
144 clones. Hedge garden is developed to produce shoot cuttings for low-cost clonal
forestry plantation. It was started in 1997. The material used in this garden is derived
from mature plus trees. Furthermore, in 1986, tissue culture propagation was started.
Tissue culture has developed to produce vegetative seeds from selected teak clones
for the establishment of clonal plantation. Though tissue culture technique is
expensive, it can produce plating stocks in high quantity in a relative short time
(Perum Perhutani 2000). In addition, researches on the teak breeding material in
Indonesia have been conducted by some researchers in Indonesia, which mostly
focus on growth characteristics (Na’iem 2000; Danarto and Hardiyanto 2000).
However, researches on wood quality were very few (Simatupang 2000b, Hidayati et
al.2013a, b, 2014).

As product of the teak breeding programs in Indonesia, new type of teak has
been obtained with the expected rotation age of 15 — 20 years in order to decrease the
rotation age. In Perum Perhutani, this new type of teak is called “Jati Plus Perhutani
(JPP)”. The source of this JPP comes from two best clones of the breeding programs.
From these two clones, new generations were obtained by generative propagation
(seed) and vegetative propagation (clone and tissue culture) (Perum Perhutani 2014b).
Some private companies have also produced new type of teak as planting material. It
is called “Jati Unggul Nusantara (JUN)/jati super/jati prima/jati emas/and jati genjah”
(Sumarna 2011). Special preparation of planting site and special treatment were
required to gain the best performance of JPP/JUN. Furthermore, the JUN plantation
has established in Lampung (Sumatra Island). At 5-year-old, the diameter and height
reached to 14 — 20 cm and 10 — 14 cm, respectively (Sumarna 2011). In addition,
JUN plantation has been also established in Kulonprogo, Yogyakarta, Java Island in
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2011. As the result, at the age of 6-month-old, the tree height reached to 3 m
(Atmasari 2012). However, the wood properties of these plantations have not been

determined yet.

1.4.2 Growth characteristics

Tree breeding programs for teak have primarily targeted breeding trees with
superior growth characteristics (diameter, height, stem form, etc.) and pest resistance
(Kedharnath et al. 1963; Soerianegara and Lemmens 1994; Kjaer ef al. 1999; Perum
Perhutani 2000; Goh et al. 2007).

Swain et al. (1999) reported that height and diameter were significantly different
among 6 clones of 7- and 8-year old teak planted in India: their 4> values for height
and diameter were 0.38 and 0.28 of 7-year-old, and 0.61 and 0.72 of 8-year-old,
respectively. Danarto and Hardiyanto (2000) reported that 142 teak families
originating from Java and East Nusa Tenggara, Indonesia and planted in East Java
showed significant differences in diameter and its 4> was 0.23. Stem diameter and
tree height at 16-months were found to be significantly different among clones and
across sites of teak planted in Indonesia (Na’iem 2000). Height, diameter, and stem
straightness were significantly different among 12 provenances of 30-year-old teak
trees planted in Tanzania (Pedersen et al. 2007). In addition, H? values of diameter,
height, bole volume, stem straightness, insect defoliation, and flowering in 61 clones
of 3.5-year-old teak trees were 0.37, 0.28, 0.35, 0.12, 0.06, and 0.41, respectively
(Callister and Collins 2008). Monteuuis et al. (2011) reported that significant
differences in growth characteristics (diameter, height, bole volume, and fork height)
were observed among teak trees originating from 8.8-year-old trees of 42 different
genetic sources comprising 26 open-pollinated families from the seedlings planted in
Malaysia: the ? values of diameter, height, bole volume, and fork height were 0.24,
0.51, 0.34, 0.56, respectively. In addition, Chaix et al. (2011) reported the 4 values
of 0.46 and 0.76 for diameter and height, respectively, in 8.7-year-old teak trees from

26 clonal seed orchard families planted in Taliwas, Malaysia.

1.4.3 Wood properties
Basic density was significantly different among 10 clones of teak planted in

India (Indira and Bhat 1998). Nocetti et al. (2011) reported that significant
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provenance effect was detected for both wood density and ring anatomical structure
(ring porosity index). Percent of heartwood was significantly different among 5
provenances of teak planted in Puerto Rico (Kjaer et al. 1999). Wood color (L*, a*,
and b*) and dynamic modulus of elasticity were significantly different among 40
clones of teak planted in Costa Rica, and H? values of L*, a*, b* and dynamic
modulus of elasticity were 0.45, 0.36, 0.36, and 0.34, respectively, in 10-year-old
teak trees (Moya and Marin 2011). Furthermore, Simatupang (2000b) stated that the
heartwood of desirable mother trees should change into gold yellow after shortly
exposing to sunlight, show an even distribution of density from pit to bark, and be
free of allergic inducing compounds. In addition, heartwood percentage and basic
density were varied among 21 clones of 16-year-old teak trees planted in India (Rao
and Shashikala 2005). However, researches on wood quality of teak breeding

program in Indonesia are very limited.

1.5 Objectives of the present study

Breeding programs of teak have been developed in order to increase the
productivity of wood in Indonesia, because teak is one of the most important long
rotation plantation species in the country. However, teak breeding program in
Indonesia still only focuses on growth parameters, such as stem diameter, height,
stem form, etc. Therefore, it is essential to evaluate the wood property of breeding
materials selected already by the growth characteristics. The overall objectives of
this study are to evaluate the growth characteristics and wood properties of teak
breeding material selected by growth characteristics through the teak breeding
programs in Indonesia. The present study, therefore, is designed to clarify the

following four points:

i. The variation of growth characteristics and wood properties among 15 teak
clones selected by the growth characteristics in Indonesia and the
relationships among measured characteristics.

ii. The variation of growth characteristics and wood properties among seed
provenances derived from Indonesia and outside of Indonesia, and the
relationships among characteristics.

iii. The variation of anatomical characteristics and wood properties among 9
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teak clones, the relationships among characteristics, radial variations of
measured characteristics, and xylem maturation process.

iv. The variation of decay resistance, heartwood color, extractive content, and
the relationships between decay resistance and other measured

characteristics.

1.6 Outline of this thesis

Chapter 1 described general situations of teak plantation and teak wood industry
in Indonesia. This chapter also reviewed teak breeding program in Indonesia.
Theoretical considerations as well as the objectives of the present study were also
described in this Chapter.

In Chapter 2, growth characteristics (stem diameter, tree height, and bole
volume) and wood properties (stress-wave velocity and Pilodyn penetration) were
investigated to clarify the variations among 15 clones planted in Indonesia. In
addition, environmental effects on the measured characteristics, interactions between
genetic and environmental factors, and the relationships between measured
characteristics were also discussed.

Chapter 3 described the variations of growth characteristics (stem diameter, tree
height, and bole volume) and wood properties (stress-wave velocity and Pilodyn
penetration) among seed provenances. Based on the results, the relationships
between measured characteristics and the effectiveness of principal component
analysis (PCA) in breeding program of teak were also discussed.

Chapter 4 aimed to clarify the variations of anatomical characteristics and wood
properties among nine clones, the relationships between measured characteristics,
and radial variations of measured characteristics. In addition, xylem maturation
process in teak was also clarified.

In Chapter 5, the variations of decay resistance, heartwood color, and extractive
content were investigated for nine clones. From the obtained results, the relationships
between decay resistance and other measured characteristics were also discussed.

Based on the results obtained in the present study, Chapter 6 described

conclusion of the whole study.
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Fig. 1.1 Photographs of teak trees planted in Educational Forest of Wanagama,
Gadjah Mada University, Yogyakarta, Indonesia.
Note: A, stem shape; B, bark; C, leaf.
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Fig. 1.2 Photographs of teak wood.
Note: A, Transverse section; B, radial section; SW, sapwood; HW, heartwood.

Arrowheads indicate growth ring boundary. Scale bar = 5 mm.

17



Fig. 1.3 Micrographs of wood section stained with safranin in Tectona grandis.

Note: A, Transverse section; B, radial section; C, tangential section; V, vessel
element; Wf, wood fiber; R, ray parenchyma cell. Arrowheads and asterisk
indicate growth ring boundary and axial parenchyma cell, respectively. Scale
bar = 100 um.
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Chapter 2 Growth characteristics, stress-wave velocity, and Pilodyn
penetration of 15 clones from 12-year-old teak trees
planted at two different sites in Indonesia

2.1 Introduction

Tree breeding programs for teak have been established in Southeast Asian
countries for developing more productive teak forests (Soerianegara and Lemmens
1994). Tree breeding programs for teak have primarily targeted breeding of trees
with superior growth characteristics, such as diameter, height, stem form, and pest
resistance (Soerianegara and Lemmens 1994; Callister and Collins 2008; Monteuuis
et al. 2011). Zobel and van Buijtenen (1989) pointed out that wood quality
improvement should be included as an integral part of the breeding programs. Thus,
to date, there has been a focus on improving teak wood properties by tree breeding
(Kjaer et al. 1999; Moya and Marin 2011; Solorzano et al. 2012).

Teak is also an important commercial plantation species in Indonesia. To date,
some clones with superior growth characteristics have been selected by the breeding
programs in the country. However, only limited information is available concerning
the wood properties of teak trees selected by the breeding programs in the country.

In this Chapter, growth characteristics [stem diameter (D), tree height (TH), and
bole volume (V)], stress-wave velocity (SWV), and Pilodyn penetration (P) were
measured for the 15 clones of 12-year-old teak trees planted at two different sites on
the island of Java, Indonesia. Based on the results obtained, the variations in growth
characteristics, SWV, and P among clones, R, interaction between genotype and
environment, and correlations between growth characteristics, SWV, and P were

clarified.

2.2 Materials and methods
2.2.1 Materials

Two hundred superior parent trees of teak were selected from several plantations
in East and Central Java, Indonesia. Of these trees, 65 clones were chosen for the
study. The study plantation was established in February 1999 at four different
locations (Cepu, Ngawi, Bojonegoro, and Ciamis) in the island of Java, Indonesia

(Na’iem 2000). According to the best growth performance of the trees, the same 15
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clone trees planted at two different sites, Cepu (7°01° S — 111°32” E) and Ciamis
(7°19°S — 108°32’E) were used in the present study (Fig. 2.1). Environmental
conditions at the two clonal test sites are shown in Table 2.1. The distance between
two sites is approximately 600 km. Although latitudes of two sites are almost the
same, precipitation in Ciamis (2740 mm/year) is about two times higher than that in
Cepu (1436 mm/year). In addition, dry season in Cepu is longer than in Ciamis
(Sumarna 2011). Therefore, these two sites were selected for the present study. Trees
were initially planted with 3 x 3-m spacing. After planting, fertilization was not
applied, whereas 50% thinning was performed in 2007.

In July 2011, D, TH, V, SWV, and P were measured for total 90 trees of
12-year-old trees from the 15 clones at the two sites with triplicates for each clone. D
was measured at 1.3 m above the ground using calipers (Haglof, Sweden). TH was
measured using a Haga altimeter (Haga, Germany), and V" was calculated using the

equation proposed by Monteuuis et al. (2011).

2.2.2 Stress-wave velocity

The SWV of the stem was measured using a commercial, hand-held stress-wave
timer (FAKOPP Microsecond Timer, FAKOPP Enterprise, Hungary) (Ishiguri et al.
2007; Fig. 2.2). Start and stop sensors were set at 150 cm and 50 cm from ground
level, respectively. The start sensor was hit with a small hammer to create the stress
wave. After the stop sensor received the stress wave, the stress-wave propagation
time between the two sensors was recorded. Eleven measurements of stress-wave
propagation time were obtained for each tree, and the mean value was calculated for
each tree. SWV was calculated by dividing the distance between sensors (100 cm) by

the averaged stress-wave propagation time.

2.2.3 Pilodyn penetration

The P was measured using a Pilodyn tester (strength of spring, 6 J; diameter of
pin, 2.5 cm, Proceq, Switzerland) according to the previously reported method
(Ishiguri et al. 2008; Fig. 2.2). P was measured at 1.3 m above ground at three
positions for each tree, without removing the bark, and the mean value of P was

calculated for each tree.
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2.2.4 Statistical analysis

Analysis of variance (ANOVA) was applied to examine the differences among
clones and the interactions between genotype and environment for growth
characteristics, SWV, and P. The following model of ANOVA was used for each
growth characteristic, SWV, and P at each site:

Yzj=ﬂ+Si+C}'+8ij

where Yj;, parameter of the j-th clone in i-th replication; u, overall mean; S;, site
effect at the ;-th replication; Cj, genetic effect of the j-th clone; ¢;, error with Yj.
Repeatabilities of growth characteristics, SWV, and P at each site were estimated
using the following formula proposed by Falconer (1989) to assess the magnitude of

genetic effects:
R=0"./[0°c +0°]

where R, repeatability; o”, variance component for clone; %, variance component of
environmental factor. In addition, mean values of the measured properties were also
compared between the two sites by paired f-test. Furthermore, to asses the
interactions between genotype and environment, the following model of ANOVA

was used for each growth characteristic, SWV, and P:
Yig=pu +8i+ G+ (SC)y + &yt

where Yy, parameter of the k-th tree of the j-th clone in the i-th site; 4, overall mean;
S;, environmental effect of i-th site; C;, genetic effect of j-th clone, (SC);;, interaction

between j-th clone and i-th site; &;, random error.

2.3 Results and discussion
2.3.1 Among clone variations

The mean values for D, TH, V, SWV, and P of the 15 teak clones planted in
Cepu were 11.3 — 252 cm, 7.7 — 15.7 m, 0.136 — 0.658 m’, 3.37 — 3.78 km/s, and

18.7 — 27.6 mm, respectively (Table 2.2). The mean values of these characteristics of
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teak clones planted in Ciamis were 17.0 — 37.7 cm, 12.3 — 23.7 m, 0.295 — 1.472 m’,
3.23 — 3.77 km/s, and 21.0 — 26.9 mm, respectively (Table 2.3). Monteuuis et al.
(2011) reported that significant differences in growth characteristics (mortality rate,
D, TH, V, and fork height) were observed among teak trees originating from 42
different genetic sources comprising 26 open-pollinated families from seedlings
planted in Malaysia. In addition, the dynamic Young’s modulus of elasticity of teak
planted in Costa Rica significantly differed among 20 clones (Moya and Marin 2011).
In the present study, significant differences were found among the 15 clones for all
measured characteristics at both sites (Tables 2.2 and 2.3). The obtained results in
this Chapter are consistent with those obtained by previous researchers (Monteuuis et
al. 2011; Moya and Marin 2011). Therefore, it is considered that, in teak, SWV and

P are also controlled by genetic factors.

2.3.2 Repeatability

Callister and Collins (2008) reported that H? values of D, TH, and V were 0.37,
0.28, and 0.35, respectively, in 61 clones of 3.5-year-old teak trees. Moya and Marin
(2011) reported that the H* of the dynamic modulus of elasticity was 0.34 in
10-year-old teak trees planted in Costa Rica. In the present study, R of measured
characteristics showed relatively moderate to high values (0.27—0.77, Tables 2.2
and 2.3) compared to those obtained by previous researchers (Callister and Collins
2008; Moya and Marin 2011). R values in the present study suggest that D, TH, V,
SWV, and P are closely related to genetic factors. On the other hand, Monteuuis et al.
(2011) reported that values for the 4#* of D, TH, and ¥ in teak gradually increased
with tree age. This is also true for other tropical fast-growing clonal tree species,
such as Acacia auriculiformis (Hai et al. 2008). These findings suggest that R values
are related to tree age. Therefore, R of D, TH, and V obtained in the present study
showed relatively higher values than those obtain by other researchers (Callister and
Collins 2008; Hai et al. 2008). However, further researches are needed to clarify the

relationships between the R of growth characteristics and tree age.

2.3.3 Effects of environmental factors on growth and other characteristics
Table 2.4 shows the differences in growth characteristics, SWV, and P between

the two sites. D, TH, and V differed significantly (1% level) between the two sites.
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This is also true for the results of ANOVA test that significant difference in site
effect was observed for growth characteristics (Table 2.5). For all growth
characteristics, the mean values were higher in Ciamis than in Cepu (Table 2.4).
Monteuuis et al. (2011) examined growth characteristics, such as D, TH, and
increment of V, in teak trees planted in East Malaysia. They found that the wet
tropical conditions positively influenced the growth characteristics of teak. In the
present study, as shown in Table 2.1, the mean temperature was almost the same in
both sites, whereas precipitation was approximately two times higher in Ciamis than
in Cepu. The higher level of precipitation in Ciamis may effect on the growth
characteristics. On the other hand, Cordero and Kanninen (2003) reported no
significant difference in the oven-dry density of wood between the trees growing in
different climatic zones in Costa Rica. Furthermore, Moya and Perez (2008) reported
that the physical and chemical characteristics of the soil had almost no impact on the
wood properties (specific gravity, normal volumetric shrinkage, and heartwood
percentage) of teak trees planted in Costa Rica. In the present study, SWV and P did
not differ significantly between the two sites (Table 2.4). Therefore, these results
suggest that SWV and P of teak tree are not largely affected by environmental
factors.

In the present study, significant interaction between genotype and environment
was found in all measured characteristics (Table 2.5). In addition, SWV and P
showed lower interaction between genotype and environment than growth
characteristics. Na’iem (2000) reported that significant interaction between clone and
site was found in D and TH for 16-month teak trees planted at four sites in Indonesia.
On the other hand, Indira and Bhat (1998) reported that no significant interaction
between clone and site was found in basic density of 14-year-old teak clone planted
at four sites in India. From these results, when teak plantations are established in
Indonesia, interaction between genotype and environment in growth characteristics,
SWV, and P should be considered. However, further study is needed to clarify the

interaction between genotype and environment in teak wood properties.

2.3.4 Relationships among characteristics
Table 2.6 shows the correlation coefficients among tested characteristics. Highly

positive significant correlations were found among growth characteristics (D, TH,
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and V). High correlation coefficients between D and TH were also obtained for teak
trees by other researchers (Callister and Collins 2008; Monteuuis et al. 2011). In
addition, Monteuuis et al. (2011) reported that D and TH were positively correlated
with ¥, respectively. These results indicate that growth characteristics are closely
related with each other in teak clones. Thus, D is one of the suitable criteria in tree
breeding programs of teak for selecting plus trees with good diameter and height
growth, and high bole volume.

Some researchers reported no correlation or significant but weak negative
correlations between growth characteristics and SWV for some hardwood species
(Ishiguri et al. 2007; 2011; 2012; Makino et al. 2012). In the present study, no
significant correlation was observed between growth characteristics and SWV on
both sites (Table 2.6), suggesting that SWV of teak is independent of growth
characteristics. Thus, mechanical properties are also important criteria for selecting
the plus trees in tree breeding programs.

In the present study, relatively high significant correlation coefficients were
obtained between growth characteristics and P in teak trees planted on both sites
(Table 2.6). In general, P is closely related to the wood density at outer part of stem
(Ishiguri et al. 2006; Wu et al. 2010). Therefore, it is considered that trees with good
growth characteristics result in their lower wood density. However, further research

is required to clarify the relationship between D and P in teak tree.

2.4 Summary

Tree improvement programs for teak have mainly focused on breeding of trees
with superior growth characteristics. However, improvement in wood quality should
be included in breeding programs for high yield and high quality timber. In the
present study, growth characteristics [stem diameter (D), tree height (TH), and bole
volume (V)], stress-wave velocity (SWV), and Pilodyn penetration (P) were
measured for 15 clones of 12-year-old teak trees planted at two different sites in
Indonesia to clarify the variations in tree growth characteristics, SWV, and P among
clones, their R, interaction between genotype and environment, and correlations
between measured characteristics. Significant differences of all measured
characteristics were found among 15 clones on both sites. Their R showed relatively

moderate to high values in both sites. These results indicate that these characteristics
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are closely related to genetic factors. Significant interaction between genotype and
environment was found in all measured characteristics, suggesting that interaction
between genotype and environment should be considered when the teak plantations
are established in Indonesia. In addition, SWV showed lower interaction between
genotype and environment than growth characteristics. No significant correlation
was found between growth characteristics and SWV, suggesting that SWV is
independent of growth characteristics of teak trees. Based on these results, it is
considered that wood properties and growth characteristics of teak trees can be

improved by application of an appropriate tree breeding program.
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Table 2.1 Environmental conditions at the two clonal test sites

Cepu Ciamis
Province Central Java West Java
South latitude 7°01° 7°19°
East longitude 111°32° 108°32°
Altitude (m) 50 300
Precipitation (mm/year) 1436 2740
Mean temperature (°C) 27.5 25.0
Soil type Vertisol Inceptisol
Topography Flat Flat
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Table 2.2 Growth characteristics, SWV, P and their repeatabilities in 45 teak trees

from 15 clones planted at Cepu, Indonesia

D TH . SWV
Clone code n V (m”) P (mm)
(cm) (m) (km/s)
A 3 17.2 13.8  0.318 3.45 22.9
B 3 16.7 13.2  0.295 3.37 22.2
C 3 17.1 14.8  0.298 3.61 20.5
D 3 11.6 7.7 0.139 3.54 20.4
E 3 16.9 132 0.296 3.59 21.5
F 3 213 14.8  0.474 3.71 243
G 3 14.5 13.8  0.214 3.78 21.9
H 3 14.6 12.8  0.223 3.55 21.6
I 3 17.0 13.7  0.305 3.72 21.4
J 3 11.3 10.3  0.136 3.44 20.9
K 3 17.6 15.7  0.330 3.57 234
L 3 14.3 123 0.212 3.68 18.7
M 3 12.7 92 0.172 3.62 19.9
N 3 17.2 14.7  0.304 3.39 23.2
@) 3 252 15.0  0.658 3.54 27.6
Significance among clones *x *x x * ok
o 959 342  0.013 0.008 3.79
o 9.69 544  0.012 0.019 2.07
R 0.50  0.39 0.51 0.30 0.65

Note: n, number of trees; D, stem diameter; TH, tree height; V, bole volume; SWV,
stress-wave velocity; P, Pilodyn penetration; *, significance at the 5% level; **,
significance at the 1% level; o°., variance component of clone; 0%, variance

component of environment; R, repeatability.
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Table 2.3 Growth characteristics, SWV, P, and their repeatabilities in 45 teak trees

from 15 clones planted at Ciamis, Indonesia

Clone code n P H v (m) SWV P (mm)
(cm) (m) (km/s)
A 3202 157 0.422 3.54 223
B 3 17.6 142 0.316 3.48 21.9
C 3 215 19.0 0.476 3.56 21.8
D 3 248 16.0 0.634 3.63 232
E 3 248 192 0.633 3.51 223
F 3 19.3 158 0.387 3.23 21.7
G 3 221 165 0.504 3.69 23.0
H 3 21.7 17.0 0.481 3.39 22.0
I 3 235 173 0.573 3.51 22.1
J 3 17.0 123 0.298 3.38 22.2
K 3 182 16.0 0.340 3.40 22.1
L 3 17.0 163 0.295 3.50 21.0
M 3 17.8  15.2 0.324 3.77 22.0
N 3 221 147 0.505 3.51 22.9
@) 3 37.7 23.7 1.472 3.65 26.9
Significance among clones *x *x x * ok
o’ 2436 478  0.076 0.01 1.47
o 7.85 6.04  0.023 0.03 0.97
R 0.76  0.44 0.77 0.27 0.60

Note: n, number of trees; D, stem diameter; TH, tree height; V, bole volume; SWV,
stress-wave velocity; P, Pilodyn penetration; *, significance at the 5% level; **,
significance at the 1% level; o°., variance component of clone; 0%, variance

component of environment; R, repeatability.
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Table 2.4 Comparison of mean values for growth characteristics, SWV, and P

between the two clonal test sites

Site Significance

Property Cepu Ciamis between

Mean SD Mean SD two sites
D (cm) 16.3 3.6 21.7 52 o
TH (m) 13.0 2.3 16.6 2.6 ok
V (m’) 0.29 0.13 0.51 0.29 ok
SWV (km/s) 3.57 0.12 3.52 0.14 ns
P (mm) 22.0 2.1 22.5 1.3 ns

Note: D, stem diameter; TH, tree height; V, bole volume; SWV, stress-wave velocity;

P, Pilodyn penetration; ns, no significance; **, significance at the 1% level.
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Table 2.5 Across-site analysis of variance in growth characteristics, SWV, and P

Source of  Degree of Mean square

variation freedom D TH 14 SWV P
Site 1 638.40*%* 291.60** 1.08** 0.07ns  4.70 ns
Clone 14 93.64**  24.96%* 0.23**  0.06*%*  15.60**
Site x Clone 14 25.74%*%  11.12*  0.07**  0.04* 3.21%
Error 60 8.77 5.74 0.02 0.02 1.52

Note: D, stem diameter; TH, tree height; V, bole volume; SWV, stress-wave velocity;
P, Pilodyn penetration; ns, no significance; *, significance at the 5% level; **,

significance at the 1% level.
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Table 2.6 Correlation coefficients between growth characteristics, SWV, and P
from15 clones of teak trees at the two test sites
Properties D TH V SWV P
D 0.76%* 0.99%** 0.04ns 0.86%*

TH 085%*% T 0.68% 0.09ns 0.60%*
v 0.99%* 085%*% T~ 0.03ns 0.89%*
SWV 0.34ns 0.29ns 0.33ns \ -0.18ns

P 0.91%* 0.66** 0.94** 0.39ns

Note: Values in lower side of diagonal and upper side of diagonal show correlation

coefficients in Cepu and Ciamis, respectively. Used data, mean values from 15
clones; D, stem diameter; TH, tree height; V, bole volume; SWV, stress-wave
velocity; P, Pilodyn penetration; ns, no significance; **, significance at the 1%

level.
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Fig. 2.1 Photographs of teak plantations used in the present study.
Note: Upper (A) and lower (B) photographs show the teak plantations in Cepu and
Ciamis, respectively. Both photographs were taken in July, 2011.
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Fig. 2.2 Illustration for measurements of stress-wave velocity and Pilodyn

penetration of stem.

Note: Pp, Pilodyn penetration;, & =45°.
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Chapter 3 Variation in tree growth characteristics, stress-wave
velocity, and Pilodyn penetration of 24-year-old teak
trees originating from 21 seed provenances planted in

Indonesia

3.1 Introduction

Provenance trials of growth characteristics in teak trees have been conducted
with the purpose of improving the productivity and rotation period of plantations by
selecting seeds or sources of cutting. The results have revealed that growth
characteristics and stem quality including stem form differ among seed provenances
(Chaix et al. 2011; Monteuuis et al. 2011). However, these studies did not include
wood quality traits.

In Chapter 2, growth characteristics, SWV, and P were significantly different
among 15 clones planted at two different sites in Indonesia. Based on these results, it
was concluded that the wood properties of teak trees can be improved by
implementing appropriate tree breeding programs.

In Indonesia, seedlings for establishing the commercial teak plantations are
mostly obtained by sexual propagation. In general, seed sources in seed production
areas have been selected from the plantations based on growth characteristics and
stem quality form. The collected seeds are used for establishing commercial teak
plantation in Java, Indonesia. Therefore, it is desirable to genetically improve seed
quality to establish more productive teak plantations producing good quality wood in
Indonesia.

In this Chapter, to characterize genetic variations in growth characteristics and
wood properties in the teak trees, tree growth characteristics (D, TH, and V), SWV,
and P were investigated for the trees originating from 21 seed provenances planted in

Indonesia.

3.2 Materials and methods
3.2.1 Materials

The experimental site of this study was located in the Education Forest of
Wanagama, Gadjah Mada University, Yogyakarta, Indonesia (07°54°S — 110°32’E,
Fig. 3.1). The provenance trial site for teak was established in February 1988. The
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environmental conditions of the provenance trial site were as follows: average
temperature, 27.7°C; annual precipitation, 1954 mm/year; relative humidity, 80 —
85%; altitude, 214 m above sea level; soil, Mediterranean; topography, flat. Seeds
were collected from 21 different provenances in Indonesia and foreign countries
(Table 3.1). The seedlings were initially planted at 3 X 3 m spacing. No fertilization
or thinning treatments were applied. A total of 155 of 24-year-old trees were used.

D was measured at 1.3 m above the ground using diameter tape (F10-02DM,
KDS, Japan). TH was measured using an altimeter (Vertex IV, Haglof, Sweden), and

V was calculated from the equation of Monteuuis et al. (2011).

3.2.2 Stress-wave velocity
The SWV was measured by the same method described in 2.2.2.

3.2.3 Pilodyn penetration
The P was measured by the same method described in 2.2.3. However, in the

present study, the bark at the measuring position was removed before measuring P.

3.2.4 Statistical analysis

Analysis of variance (ANOVA) was performed to evaluate the differences in
growth characteristics, SWV, and P among seed provenances. The ANOVA model
was used by the same one described in 2.2.4.

Principal component analysis (PCA) was performed using R software
(www.r-project.org) to select seed provenances with good performance for both

growth characteristics and wood properties.

3.3 Results and discussion
3.3.1 Among seed provenance variations

The mean values of D, TH, V, SWV, and P in each seed provenance were 14.8 —
31.5 cm, 12.8 — 21.8 m, 0.228 — 1.126 m’, 3.02 — 3.39 km/s, and 20.4 — 25.9 mm,
respectively (Table 3.1).

Table 3.2 shows the result of ANOVA and R of the teak trees from 21 seed
provenances. Danarto and Hardiyanto (2000) reported that 142 teak families

originating in Java and East Nusa Tenggara, Indonesia and planted in East Java
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showed significant differences in D. Chaix et al. (2011) reported that D, TH, and
mortality rate demonstrated significant differences among 41 different seed origins
planted in Taliwas, Malaysia. Significant differences in growth characteristics (D,
TH, V, mortality rate, and fork height) were also obtained among teak trees
originating from 42 different genetic sources comprising 26 open-pollinated families
from the seedlings planted in Sabah, Malaysia (Monteuuis et a/. 2011). In addition,
as described in Chapter 2, significant differences in D, TH, and ¥ were found among
15 clones of teak trees planted at two different sites in Indonesia (Tables 2.1 and 2.3).
The dynamic Young’s modulus of teak trees planted in Costa Rica significantly
differed among 20 clones (Moya and Marin 2011). Furthermore, SWV and P
significantly differed among 15 clones of teak trees planted in Indonesia (Tables 2.2
and 2.3). In the present study, the results for growth characteristics, SWV, and P
obtained from the trees originating in 21 different seed provenances were consistent
with those obtained in the previous studies. Therefore, it is considered that growth

characteristics, SWV, and P are genetically controlled in teak.

3.3.2 Repeatability

Danarto and Hardiyanto (2000) reported the heritability of 0.23 for D in 142
families of 12-year-old teak trees planted in East Java, Indonesia. Monteuuis et al.
(2011) reported K of 0.24, 0.51, and 0.34 for D, TH, and V, respectively, in
8.8-year-old trees from 42 different genetic sources comprising 26 open-pollinated
families from the seedlings planted in Sabah, Malaysia. In addition, the h* of D, TH,
and V in 3.5-year-old teak trees from 61 different families planted in Australia were
0.31, 0.22, and 0.29, respectively (Callister and Collins 2008). Chaix et al. (2011)
reported 4* of 0.46 and 0.76 for D and TH, respectively, in 8.7-year-old teak trees
from 26 clonal seed orchard families planted in Taliwas, Malaysia. As described in
Chapter 2, the R of D, TH, V, SWV, and P in 15 clones of 12-year-old teak trees
planted at two different sites in Indonesia were 0.50 and 0.76, 0.39 and 0.44, 0.51
and 0.77, 0.30 and 0.27, and 0.60 and 0.65, respectively (Tables 2.2 and 2.3). Moya
and Marin (2011) reported the H* of the dynamic modulus was 0.34 in 10-year-old
teak trees planted in Costa Rica. Moderate values for the R of the measured
characteristics in the present study (Table 3.2) indicate the potentials for improving

growth characteristics and wood properties in teak with the help of breeding
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programs.

3.3.3 Relationships among characteristics

Highly positive significant correlations were observed among D, TH, and V in
the present study (Table 3.3). Highly positive correlation coefficients of D and TH
were also previously reported for teak trees (Callister and Collins 2008; Chaix et al.
2011; Monteuuis et al. 2011; Hidayati et al. 2013b). In addition, D and TH were
reported to be positively correlated with V' (Monteuuis et al. 2011; Hidayati et al.
2013b). These results indicate that growth characteristics are closely related to one
another in teak trees. Furthermore, D is the suitable criterion in teak breeding
programs for selecting plus trees with high wood yield.

No significant correlations were obtained between growth characteristics and
SWYV in teak trees (Table 3.3), suggesting that SWV in teak is independent of growth
characteristics. There is a significant, positive relationship between the SWV of
standing trees and the Young’s modulus of logs or lumbers (Wang et al. 2001;
Ishiguri et al. 2007, 2008; Wu et al. 2011). Therefore, it is considered that
mechanical properties, such as Young’s modulus are also important criteria for
selecting the plus trees in teak breeding programs. As described in Chapter 2,
relatively high positive significant correlations between growth characteristics and P
were found in teak trees planted at two different sites in Indonesia (Table 2.6). In the
present study, a moderately significant positive correlation was observed between D
and P (Table 3.3). It is well known that P is negatively correlated with wood density
(Raymond and MacDonald 1998; Wu et al. 2010, 2011). Therefore, it is considered
that the trees with good D may have lower wood density. Rao and Shashikala (2005)
reported that a negative significant correlation was found between growth rate (D)
and basic density of Thithimathi clones of teak planted in India. However, further

studies are required to clarify the relationship between D and P in teak tree.

3.3.4 Principal component analysis

Principal component analysis (PCA) is a multivariate technique which analyzes
a data table in which observations are described by several inter-correlated
quantitative dependent variables. Its goal is to extract the important information from

the table, to represent it as a set of new orthogonal variables called principal

37



components (PCs), and to display the pattern of similarity of the observations and of
the variables as the points in a map. The correlation between a component and a
variable estimates the information that they share. In the PCA framework, this
correlation is called a loading value (Abdi and Williams 2010). As shown in Table
3.4, the absolute values of loading values for PC 1 were higher in D and TH, while
that loading value for PC 2 was higher in SWV, indicating that growth characteristics
and SWV contribute to PC 1 and PC 2, respectively. SWV of stems has been
reported to be positively correlated with the Young’s modulus of wood (Wang et al.
2001; Ishiguri et al. 2007, 2008; Wu et al. 2011). Thus, the Young’s modulus
contributes to PC 2. On the other hand, the seed provenances were well separated as
shown in Fig. 3.2, indicating that PCA is a suitable analysis method for selecting the
seed provenances with good performances in both growth characteristics and wood
properties. In the present study, as the results of PCA, some seed provenances
demonstrated high scores for growth characteristics and Young’s modulus, such as
those from Indonesia [Bangilan (No. 2), Deling (No. 8), and Randublatung (No. 12)]
and India [Malabar (No. 14) and Central Province (No. 15)]. Relatively high absolute
value of loading value in PC 2 was observed for P (Table 3.4), indicating that P also
contributes to PC 2. P is closely related to the wood density of stem (Raymond and
MacDonald 1998; Wu et al. 2010, 2011). Thus, seed provenances from Bangilan (No.
2) and Blora (No. 10) demonstrated good values for D and TH, high values of SWV
which are positively correlated with Young’s modulus of wood, and low values for P

(high basic density).

3.4 Summary

Growth characteristics (D, TH and V), SWV, and P were measured for 21 seed
provenances of 24-year-old teak trees planted in Indonesia to characterize variation
in tree growth characteristics, SWV, and P among seed provenances. Repeatability
and correlations between the measured characteristics were also determined.
Significant differences for all measured characteristics were observed among
provenances, indicating that these characteristics are genetically controlled.
Repeatabilities of growth characteristics, SWV, and P were moderate values. These
results indicate the potentials for improving growth characteristics and wood

properties of teak trees with the help of breeding programs. Highly significant
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positive correlations were observed among the growth characteristics, suggesting that
they are closely related. In contrast, no significant correlations were observed
between the growth characteristics and SWV, indicating that they are independent. It
is concluded that mechanical properties are also important criteria for selecting plus
trees in tree breeding programs. Principal component analysis revealed that seed
provenances from Indonesia (Bangilan, Deling, and Randublatung) and India
(Malabar and Central Province) showed high scores of both growth characteristics

and SWV, suggesting that they are canditate sources for establishing teak plantation.
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Table 3.1 Mean values of growth characteristics, SWV, and P in each seed

provenance
Code Seed provenance n P H V3 SWV r

(cm) (m) (m’) (km/s) (mm)

1 Cepu, Java, Indonesia 7 264 19.7 0.728 3.08  23.0

2 Bangilan, Java, Indonesia 8 255 182 0.688  3.31 22.5

j Mmoo Southeast Sulawesh o1 iss 0473 302 241

Indonesia

4 Ngliron, Java, Indonesia 8 193 155 0403 3.29 23.8
5 Margasari, Java, Indonesia 9 247 169 0.692 3.16 243
6 Ponorogo, Java, Indonesia 9 255 183 0.699 3.16 24.4

7 Gundih, Java, Indonesia 9 241 185 0.619 3.10 23.7

8 Deling, Java, Indonesia 6 281 213 0.895 3.35 23.0

9 Java, Indonesia 5 19.1 147 0.389 3.25 23.0
10  Blora, Java, Indonesia 8 250 180 0.677 3.32 20.4
11 Pati, Java, Indonesia 3 172 153 0.316 3.39 22.8
12 Randublatung, Java, Indonesia 7 23.0 189 0.561 3.31 23.4
13 Soe, Nusa Tenggara, Indonesia 8 199 153 0418 3.31 23.5
14  Malabar, India 8 31.5 21.8 1.126 326 236
15 Central Province, India 11 26.8 20.7 0.798 3.26 25.0
16  Godovari, India 6 269 204 0.788 320 259

17  Thailand 10 155 155 0256 3.08 213
6 148 12.8 0.228 3.31 22.1
19  Kouse, Vietnam 7 193 152 0401 3.07 23.2
20  Kouai, Vietnam 4 167 139 0291 329 21.0
9 209 182 0484 3.19 233

18  Kay, Vietnam

21  Myanmar

Note: n, number of trees; D, stem diameter; TH, tree height; V, bole volume; SWV,

stress-wave velocity; P, Pilodyn penetration.
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Table 3.2 Results of analysis of variance (ANOVA) and repeatability of measured

characteristics
Statistical value P H V3 SWV i
(cm) (m) (m”) (km/s) (mm)
Mean 22.4 17.4 0.568 3.22 232
Standard deviation 4.5 2.6 0.233 0.11 1.3
Significance among provenances *x *x *x *x *x
o 15.26 4.67 0.036 0.008 1.22
0% 40.83 12.63 0.145 0.025 4.05
R 0.27 0.27 0.20 0.24 0.23

Note: D, stem diameter; TH, tree height; V, bole volume; SWV, stress-wave velocity;

P, Pilodyn penetration; **, significance at the 1% level; o, variance

2 . .
component of seed provenance; ¢°,, variance component of environment; R,

repeatability.
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Table 3.3 Correlation coefficients between growth characteristics,

SWV, and P

Factor 1 Factor 2 Correlation coefficient

TH 0.929 **

5 Vv 0.989 **

SWV -0.011 ns

P 0.454 *

V 0.925 **

TH SWV 0.002 ns

P 0.430 ns

SWV 0.026 ns

g P 0.426 ns

SWV P -0.239 ns

Note: D, stem diameter; TH, tree height; V, bole volume;
SWV, stress-wave velocity; P, Pilodyn penetration; ns,
no significance; *, significance at the 5% level; **,
significance at the 1% level. Correlation coefficients
were determined using mean values of each

provenance.
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Table 3.4 Loading values from the principal component analysis of stem

diameter, tree height, SWV, and P

Characteristics PC1 PC2
D -0.942 0.202
TH -0.935 0.219
SWV 0.136 0.927
P -0.686 -0.391

Note: D, stem diameter; TH, tree height; SWV, stress-wave velocity; P,

Pilodyn penetration; PC, principal component.
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Fig. 3.1 A photograph of teak seed provenance trial site in the Education Forest of

Wanagama, Gadjah Mada University, Yogyakarta, Indonesia.

44



3
. .
14 2 1
1 . " 20
X b4 .
o 12 13
! _ 'Y .
E 0 e 15 de . 18
[} 21 o *9
o =
A ® 6Ge 2
o o
1 16 R 1- 1.7
7 19
.
-2 o3
-3
-3 -2 -1 0 1 2 3

PC 1 (56.3%)

Fig. 3.2 Principal component analysis scores for 21 seed provenances of teak.
Note: Closed circles and numbers indicate the score plots and seed provenances,

respectively. PC, principal component.
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Chapter 4 Among-clone variations of anatomical characteristics and

wood properties in teak planted in Indonesia

4.1 Introduction

In Chapter 2, D, TH, ¥V, SWV, and P were investigated for fifteen 12-year-old
teak clones planted at 2 sites. Among-clone differences were found among the 15
clones in all characteristics, whereas the differences between the two sites were
found only in growth characteristics (D, TH, and V). Based on these results, it was
concluded that the wood properties of teak trees can be improved by tree breeding
programs.

Wood density is affected by several wood structures, including the cell size, cell
wall thickness, and some other factors (Zobel and van Buijtenen 1989). Variations in
wood structure have significant effects on the wood quality. In general, basic density
is an important factor affecting the wood properties (Zobel and van Buijtenen 1989).
Compressive strength is also one of the important mechanical properties for solid
lumber (Thulasidas and Bhat 2012). However, the information on the anatomical
characteristics and wood properties is still limited and required to elucidate their
importance for teak breeding programs in Indonesia.

To utilize the faster growing trees, it is important to know whether xylem
maturation depends on cambium age or tree diameter, during the maturation process
occurs. Understanding the maturation process is crucial not only for forest
management, but also for avoiding the problems to manufacturers and consumers
(Kojima et al. 2009). Xylem maturation of some fast-growing species, such as A.
mangium and F. moluccana, depends on diameter growth (Honjo et al. 2005; Kojima
et al. 2009; Makino et al. 2012). In contrast, xylem maturation of Eucalyptus spp.
and Shorea acuminatissima depends on cambial age (Kojima et al. 2009; Ishiguri et
al. 2012). In teak, Bhat ef al. (2001) reported that maturation begins approximately at
15 - 25 years of age, depending on the property, growth rate, individuality, and
plantation site. However, the mechanism of xylem maturation in teak trees remains
unclear.

In this Chapter, anatomical characteristics [vessel diameter (VD), fiber wall
thickness (FWT), fiber diameter (FD), vessel element length (VEL), and fiber length
(FL)] and wood properties [basic density (BD) and compressive strength parallel to
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grain (CS) at the green condition] were determined for nine 12-year-old teak clones
planted in Java Island, Indonesia. Based on the results, the variation among-clones, R,
radial variations of the anatomical characteristics and wood properties, and

relationships between the properties were discussed.

4.2 Materials and methods
4.2.1 Materials

A total of twenty-seven, 12-year-old teak trees from representing nine clones
(clones P-X) with 2-5 replications for each clone were used in the present study
(Table 4.1). The clonal test sites were located in Cepu and Ciamis. The
environmental conditions of the sites were described in Table 2.1.

For determining the anatomical characteristics and wood properties, core
samples (5 mm in diameter) from pith to bark were collected using a borer (Haglof)
at 1.3 m above the ground level (Fig. 4.1). Three core samples were collected from
each tree at the circumferential position. Using the core samples, the anatomical
characteristics (VD, FWT, FD, VEL, and FL) and wood properties (BD and CS)
were determined from pith to bark. It is known that false ring sometimes occurs in
teak because of the environmental factors (Priya and Bhat 1998; Palakit et al. 2012).
Thus, the core samples were cut at 1-cm intervals from pith to bark for determining
radial variations of the anatomical characteristics and wood properties. For
determining CS, the samples at 5-mm intervals from pith to bark were cut into small

pieces.

4.2.2. Anatomical characteristics

Transverse sections (20 um in thickness) were obtained from each 1-cm segment
with a sliding microtome (ROM-380, Yamato, Japan). The sections were stained
with safranin, dehydrated, and mounted in bioleit. Digital images of the transverse
sections were captured into a personal computer and analyzed with ImagelJ software
(National Institutes of Health, USA). The tangential and radial diameters were
measured for 30 vessels and 50 wood fibers in each 1-cm segment, and then mean
values were calculated. The double wall thicknesses of 50 wood fiber cells were
measured, and one half of the double wall thickness was defined as FWT. Small strip

specimens were macerated with Schulze’s solution for measuring VEL and FL. A
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total of 30 vessel elements and 50 wood fibers were measured using a microprojector
(V-12, Nikon, Japan) and a digital caliper (CD-15CP, Mitutoyo, Japan). All
anatomical characteristics were measured except for pore and terminal zone at the

growth ring.

4.2.3 Wood properties

The green volume of each segment was measured using the water displacement
method and the oven-dried weight was determined by drying the segment to a
constant weight at 1054+3°C in a laboratory oven (WFO-450ND, EYELA, Japan). BD
was calculated by dividing the oven-dried weight by the green volume. CS at the
green condition was measured using a core sample testing machine (Fractometer II,
IML, Germany) by the method described by Matsumoto et al. (2010a). A specimen
was placed in the testing machine, and then a load was applied in the longitudinal
direction. The CS value indicated by the testing machine was recorded for each
specimen. The mean value of CS at 1-cm intervals was calculated before analysis of

radial variation.

4.2.4 Statistical analysis

Table 4.2 shows the stem diameter, anatomical characteristics, and wood
properties of clone Q from the two clonal test sites. In Chapter 2, a significant
difference between two sites was recognized only in D, a growth characteristics
(Table 2.4). Therefore, data from the two different sites were combined to analyze
among-clone variation of the anatomical characteristics and wood properties.
Analyses of variance (ANOVA) were performed to evaluate the differences in
anatomical characteristics and wood properties among clones. The ANOVA model

described in 2.2.4 was used .

4.2.5 Evaluation of xylem maturation process

Radial variation of FL with respect to relative distance from the pith was
calculated for evaluating the xylem maturation process. Figure 4.2 shows the
calculation method for converting measured FL into the value in the relative distance
from the pith (Chowdhury et al. 2009b). A total of 10 trees at the same age with

different radial growth rates (five trees with faster growth and five trees with slower
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growth) were selected.

4.3 Results and discussion
4.3.1 Anatomical characteristics

The highest values of VD, FWT, FD, VEL, and FL were 196 um, 2.89 um, 24.5
pm, 0.293 mm, and 1.48 mm for clones W, P, X, Q, and R, respectively. The lowest
values of VD, FWT, FD, VEL, and FL were 175 pm, 2.58 um, 22.8 pm, 0.268 mm,
and 1.38 mm for clones P, S, P, P, and S and V, respectively (Table 4.3). In some
hardwood species, such as E. camaldulensis, acacia hybrid, and A. mangium, no
significant differences were found in VD, FWT, FD, VEL, and FL among clones and
provenances (Veenin et al. 2005; Kim et al. 2008; Nugroho et al. 2012). In contrast,
in Populus deltoides, significant differences among clones were recognized in VD,
FWT, FD, VEL, and FL (Pande 2011; Pande and Dhiman 2011). In the present study,
a significant difference was found only in VEL. Table 4.3 shows the results of
ANOVA and R of the anatomical characteristics for the nine clones. In the present
study, moderate values of R were obtained for VEL (0.36) and FD (0.22) (Table 4.3),

whereas R values could not be calculated for the other characteristics.

4.3.2 Wood properties

Table 4.4 shows the mean values of wood properties in the nine clones. The
highest values of BD and CS at the green condition were 0.58 g/cm’ and 42.9 MPa,
respectively, for clone P, and the lowest values were 0.48 g/cm’ and 33.7 MPa,
respectively, for clone S. Furthermore, BD and CS were significantly different
among clones (Table 4.4). Indira and Bhat (1998) reported a significant difference in
BD among eighteen 14-year-old teak clones planted in India. Nocetti et al. (2011)
found that wood density significantly differed among 13 provenances of teak planted
in Ghana. Significant differences in wood density among clones were also found in
some hardwood species, such as acacia hybrid and P. deltoides (Kim et al. 2008;
Pande and Dhiman 2011). CS was significantly different between two provenances
of teak trees (Bhat and Priya 2004). Furthermore, moderate values of R for BD were
obtained in other hardwood species, such as A. auriculiformis and P. deltoides (Hai
et al. 2010; Pande and Dhiman 2011). However, the studies on R or heritability in

compressive strength are limited. With respect to other mechanical properties, Moya
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and Marin (2011) reported that the A* of the dynamic modulus of elasticity was 0.34
in 10-year-old teak trees planted in Costa Rica. In the present study, significant
differences were found among clones, and R of BD and CS showed moderate to high
values (Table 4.4), indicating that BD and CS are genetically controlled in teak. It is,
therefore, considered that BD and CS are critical properties for improving the wood

quality in teak tree breeding programs.

4.3.3 Relationships between properties

Table 4.5 shows the correlation coefficients between the measured
characteristics. A significant correlation between the anatomical characteristics was
found only between VD and VEL. On the other hand, some significant correlations
were found between the anatomical characteristics and wood properties. Furthermore,
a significant positive correlation was found between BD and FWT (Table 4.5). In
35-year-old teak trees planted in India, air-dry density was positively and
significantly correlated with double wall thickness, and CS was also correlated with
air-dry density and double wall thickness (Thulasidas and Bhat 2012). Similar results
have been reported for other hardwood species (Ishiguri et al. 2009; Chowdhury ef al.
2009a,b, 2012; Matsumoto et al. 2010a; Makino et al. 2012). These results indicate
that FWT is strongly correlated with BD in teak.

4.3.4 Radial variations of measured characteristics

Radial variations of VD and FWT gradually increased from pith to bark (Fig.
4.3). FD slightly increased near the pith and then became almost constant outward
(Fig. 4.3). Bhat et al. (2001) reported that VD increased during the juvenile phase
and then stabilized at approximately 20 year. In other hardwood species with long
rotations, FWT increased from pith to bark, whereas FD was almost constant from
pith to bark in S. acuminatissima (Ishiguri et al. 2012). In the present study, radial
variations of VD, FWT, and FD (Fig. 4.3) were almost similar to those reported in
previous studies (Bhat ez al. 2001; Ishiguri et al. 2012). Radial variations of VEL and
FL showed a gradual increase from pith to bark (Fig. 4.4). In teak trees, it was
reported that FL increased up to 15-20 years and then became constant outward
(Bhat ef al. 2001). They also reported that the mean values of FL in juvenile and

mature woods from fast-growing trees were 1.28 and 1.50 mm, respectively, while
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FL in juvenile and mature woods of slow-growing trees were 1.10 and 1.38 mm,
respectively (Bhat et al. 2001). Furthermore, in the present study, radial variation of
BD also showed a gradual increase from pith to bark (Fig. 4.5). In contrast, Bhat ef al.
(2001) reported that BD varied relatively little from pith to bark. They also reported
that CS varied little and slightly increased from pith up to 20 cm (the juvenile-wood
area). In the present study, radial variation of CS agreed with that reported in a
previous study (Bhat et al. 2001). Thus, the trends of radial variations of the
anatomical characteristics and wood properties were similar for all clones in this
study.

Radial variation of FL determined by the relative distance from the pith was also
examined. Figure 4.6 shows radial variation of FL in the ten selected trees (five with
faster radial growth rate and five with slower radial growth rate). The radial profile
in relation to relative distance from the pith showed almost the same pattern for the
two radial growth rate categories (Fig. 4.6), suggesting that xylem maturation in teak
tree depends on cambial age rather than stem diameter growth. It has been reported
that xylem maturation in some fast-growing species, such as 4. mangium and F.
moluccana, depends on diameter growth (Honjo et al. 2005; Kojima et al. 2009;
Makino et al. 2012). In contrast, xylem maturation in Eucalyptus spp. and S.
acuminatissima was reported to depend on cambial age (Kojima et al. 2009; Ishiguri
et al. 2012). Bhat et al. (2001) reported that the maturity of teak begins
approximately at 15-25 year. Although the tree age used in the present study was
relatively younger, the results of this study, suggest that xylem maturation in teak
depends on cambial age, being consistent with those obtained by Bhat ez al. (2001).
It is, therefore, concluded that after formation of mature wood, intensive silvicultural

practices should be applied to produce as much mature wood as possible in teak tree.

4.4 Summary

The anatomical characteristics and wood properties were investigated for 27
trees from 9 teak clones planted in Indonesia. Clone P showed the lowest values of
VD, FD, and VEL and the highest values of FWT, BD, and CS. The mean values of
VD, FWT, FD, VEL, FL, BD, and CS were 188 um, 2.78 um, 23.4 um, 0.284 mm,
1.42 mm, 0.51 g/cm’, and 37.5 MPa, respectively. Significant differences among the

nine clones were found in VEL, BD, and CS. Moderate to high values of R were

51



obtained for FD, VEL, BD, and CS, indicating that these characteristics are
genetically controlled. Radial variation of FL with respect to relative distance from
the pith showed almost the same pattern for the two radial-growth-rate categories,
suggesting that xylem maturation depends on cambial age rather than stem diameter
growth in teak tree. It is, therefore, concluded that after forming the mature wood,
intensive silvicultural practices should be applied to produce as much mature wood

as possible in teak tree.
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Table 4.1 Statistical values of stem diameter and tree height of sample trees

D (cm) TH (m)
Clone code Site n

Mean SD Mean SD

P Ciamis 2 21.3 3.6 17.0 0.0
Q Cepu 3 17.1 1.0 14.8 1.9
Q Ciamis 2 23.1 0.4 18.0 1.4
R Ciamis 3 23.2 2.0 15.7 2.1
S Ciamis 3 19.6 24 14.8 4.1
T Ciamis 3 21.7 1.0 17.0 33
U Cepu 3 17.6 1.6 12.0 3.6
\Y Cepu 2 17.1 2.0 12.8 3.2
W Cepu 3 17.2 1.0 14.7 0.8
X Cepu 3 17.3 1.8 14.0 2.6
Mean/total 27 19.5 2.6 15.1 1.9

Note: n, number of trees; SD, standard deviation; D, stem diameter; TH, tree

height.
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Table 4.2 Comparison of mean values of anatomical characteristics and wood

properties of clone Q between the 2 clonal test sites

Cepu (n=3) Ciamis (n = 2) Significant
Character
Mean SD Mean SD between two sites
D (cm) 17.1 1.0 23.1 0.4 *ox
VD (um) 182 10 196 0.3 ns
FWT (um) 2.78 0.14 2.92 0.01 ns
FD (um) 233 1.4 233 0.9 ns
VEL (mm) 0.289 0.002 0.300 0.006 ns
FL (mm) 1.41 0.1 1.52 0.01 ns
BD (g/cm’) 0.51 0.03 0.52 0.02 ns
CS (MPa) 39.1 2.9 37.9 0.2 ns

Note: n, number of trees; SD, standard deviation; D, stem diameter; VD, vessel
diameter; FWT, fiber wall thickness; FD, fiber diameter; VEL, vessel element
length; FL, fiber length; BD, basic density; CS, compressive strength parallel

to grain; **, significance at 1% level; ns, no significance.
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Table 4.3 Statistical values of anatomical characteristics of each clone

Number VD (um) FWT (um) FD (um) VEL (mm) FL (mm)

Clone code
oftrees Mean SD Mean SD Mean SD Mean SD Mean SD
P 2 175 17 2.89 0.16 228 0.2 0.268 0.001 1.42  0.09
Q 5 188 10 2.84 0.12 233 1.1 0.293 0.007 1.46 0.09
R 3 190 9 2.77 0.15 234 05 0.290 0.007 1.48 0.02
S 3 189 7 2.58 0.20 23.1 0.2 0.272 0.010 1.38 0.10
T 3 195 10 2.77 0.08 23.8 0.5 0.283 0.013 1.39 0.07
U 3 188 11 2.82 0.17 23.7 0.8 0.284 0.013 1.43  0.05
\Y 2 188 5 285 0.19 23.0 0.6 0.282 0.001 1.38 0.13
W 3 196 14 2.69 0.22 23.1 03 0.291 0.010 1.41 0.04
X 3 187 6 285 0.27 245 0.5 0.289 0.007 1.44 0.04
Mean/total 27 188 6 2.78 0.10 234 05 0.284 0.009 1.42  0.04
Significance among clones ns ns ns * ns
o - - 0.125 0.000047 -
o’ 104.0 0.031 0.452 0.000084 0.005
R - - 0.22 0.36 -

Note: SD, standard deviation; VD, vessel diameter; FWT, fiber wall thickness; FD, fiber diameter; VEL, vessel
element length; FL, fiber length; *, significance at 5% level; ns, no significance; o°., variance component

. . 2 o
of clone; %, variance component of environment; R’, repeatability.



Table 4.4 Statistical values of wood properties in each clone

BD (g/cm’) CS (MPa)
Clone code n
Mean SD Mean SD
P 2 0.58 0.02 42.9 0.0
Q 5 0.51 0.02 38.6 22
R 3 0.50 0.03 35.7 3.0
S 3 0.48 0.03 33.7 0.3
T 3 0.51 0.03 34.6 2.6
U 3 0.51 0.03 39.9 1.3
v 2 0.53 0.01 39.2 1.3
Y 3 0.49 0.03 34.0 1.8
X 3 0.52 0.00 38.6 1.4
Mean/total 27 0.51 0.03 37.5 3.1
Significance among clones * *x
o 0.0004 6.881
o 0.0007 4.510
R 0.39 0.60

Note: n, number of trees; SD, standard deviation; BD, basic density; CS,
compressive strength parallel to grain at green condition; **, significance at
1% level; *, significance at 5% level; o°., variance component of clone; o,

variance component of environment; R, repeatability.
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Table 4.5 Correlation coefficients between measured characteristics

Factor 1 Factor 2 Correlation coefficient
FWT -0.071 ns
FD 0.276 ns
VEL 0436 *
VD
FL 0.172 ns
BD -0.353 ns
CS -0.540 **
FD 0.035 ns
VEL -0.041 ns
FWT FL 0.344 ns
BD 0.535 **
CS 0.574 **
VEL 0.342 ns
FL -0.001 ns
b BD 0.139 ns
CS -0.054 ns
FL 0.283 ns
VEL BD -0.362 ns
CS -0.164 ns
BD 0.177 ns
FL
CS 0.122 ns
BD CS 0.719 **

Note: VD, vessel diameter; FWT, fiber wall thickness; FD, fiber
diameter; VEL, vessel element length; FL, fiber length; BD,
basic density; CS, compressive strength parallel to grain; **,
significance at 1% level; *, significance at 5% level; ns, no

significance.
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Core samples (5 mm in
diameter) were collected.
.......... . QJ)))))))) Formeasuring CS
5 kr;;m
O ) ) ) ) For measuring BD
10 mm
1.3m Q) ) ) ) Formeasuring cell morphology
Small woods strips were obtained from
\ center part of each segment for measuring cell length.

Fig. 4.1 Illustration of sampling and experiment procedures in this Chapter.

Note: CS, compressive strength; BD, basic density.
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0 10 20 30 40 50 60

Relative radial distance from pith (%)

For example: radial distance (d) = 70 mm
Distance at 10% relative radial distance =d /10 = 7 mm
a=T7A/7
b=(3A+4B)/7
c=(6B+1C)/7
d=7C/7

e=(2C+5D)/7
f=(5D+2E)/7

Fig. 4.2 Method for calculating of wood properties with respect to relative distance
from the pith (Chowdury et al. 2009b).
Note: Capital and small letters indicate the measured value of fiber length and

calculated value of fiber length, respectively.
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Fig. 4.3 Radial variations of VD,

nine clones.
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Fig. 4.4 Radial variations of VEL and FL from pith to bark in 27 trees from nine

clones.
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Fig. 4.5 Radial variations of BD and CS at the green condition from pith to bark in

27 trees from nine clones.
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Fig. 4.6 Radial variations of FL with respect to distance from the pith and relative
distance from the pith in the ten selected trees with different radial growth
rates.

Note: Solid line indicates the mean value of five trees with faster radial growth rate;
dotted line indicates the mean value of five trees with slower radial growth

rate.
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Chapter 5 Variation of decay resistance, heartwood color, and
extractive contents in 12-year-old teak clones planted in
Indonesia

5.1 Introduction

Durability of wood depends on several factors, including genetic origin of tree,
silviculture, climate, and local environment (Kokutse et al. 2006). Heritability of
decay resistance has been estimated from low to high values in Eucalyptus spp.
(Poke et al. 2006; Bush et al. 2011). On the other hand, extractive contents can also
provide trees with resistance to disease and insect attack (Hillis 1987). Extractive
content are usually strongly inherited, while there are a few studies showing the low
inheritance value (Zobel and Jett 1995).

It is known that teak wood has natural durability against fungal and insect
attacks (Rudman et al. 1967; Yamamoto and Hong 1989; Thulasidas and Bhat 2007;
Lukmandaru and Takahasi 2008, 2009). The high natural durability of teak wood is
attributed by existence of various extractives, such as anthraquinones, tectoquinones,
and others which have been considered as bioactive compounds (Soerianegara and
Lemmens 1994; Yamamoto et al. 1998; Lukmandaru and Takahashi 2008). Haupt et
al. (2003) identified tectoquinone as a bioactive compound for the inhibition of
Trametes versicolor (Syn. Coriolus versicolor). In addition, Niamké et al. (2011)
reported that tectoquinone and 2-(hydroxymethyl)anthraquinone isolated from teak
wood had strong correlations with mass loss of wood attacked by Antrodia sp. On
the other hand, Kokutse et al. (2006) pointed out that the information on the natural
durability of teak is important for breeding programs and wood use. However,
research on variation of decay resistance and extractive contents is still limited in
teak wood.

Color is one of the quality criteria of wood to asses its suitability for certain
end-uses, such as furniture and decorative veneers (Thulasidas et al. 2006; Moya and
Marin 2011). This is also true for the teak wood: heartwood color of teak wood is an
important factor to fix wood price (Thulasidas et al. 2006). On the other hand,
though wood color is generally thought to be influenced by the environment,
reasonably strong genetic component has been found for some species (Zobel and

Jett 1995). In addition, many researchers have reported the effects of wood color on
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other properties, such as mass loss, and the effects of the environmental factors on
the wood color (Kokutse et al. 2006; Thulasidas et al. 2006; Lukmandaru and
Takahashi 2008; Moya and Berrocal 2010; Moya and Marin 2011).

In this Chapter, the variations of decay resistance, heartwood color, and
extractive contents were clarified for nine clones planted in Indonesia. Furthermore,

the relationships between mass loss and other characteristics were also discussed.

5.2 Materials and methods
5.2.1 Materials

The materials used in this Chapter were the same ones used in Chapter 4 (4.2.1).
Total 26 trees from nine clones were used. Core samples (5 mm in diameter) from
pith to bark were collected using a borer (Haglof) at 1.3 m above the ground level.

Some core samples were also collected from each tree at the circumferential position.

5.2.2 Decay test

Decay test was conducted by the method described by Matsumoto ef al. (2010b).
The increment cores of heartwood were cut into about 3 cm length. Before
incubation, 26 specimens were dried for one day at 60°C and then weighed. All of
specimens were sterilized with propylene oxide for two days in a desicator in vacuo.
A total of 26 specimens were decayed by a white-rot fungus, Trametes versicolor
1030. This fungus was provided by the Forestry and Forest Products Research
Institute (Tsukuba, Japan). The fungus was precultured on a potato-dextrose-agar
(Difco Laboratories, USA) slant medium in a test tube (1.5 cm in diameter and 15
cm in length). After mycelia had spread on the medium, the specimens, of which the
moisture content had been adjusted to 50-60% by dipping into sterilized distilled
water, were put onto the medium in the test tubes. Then, the specimens with the
fungus were incubated at 26°C in the dark. After 60 days of culture, the specimens
were collected from the culture medium. The mycelia were carefully removed from
the surface of the decayed specimens. Then the specimens were oven-dried for one
day at 60°C. The dry weight of the decayed specimens was measured in order to

calculate the percentage of weight loss.
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5.2.3 Heartwood color

For measuring heartwood color, wood meals of heartwood were prepared from
the core samples by using a rotary speed mill (P-14, Fritsch, Germany). Boundary
between heartwood and sapwood was confirmed by naked eyes. The obtained wood
meals were packed in transparent plastic bags. Color of packed heartwood meal was
measured using a colorimeter (CR 200, Minolta, Japan). The CIELAB (L*, a*, b*)
system was employed to evaluate the heartwood color. The values of L*, a*, and b*
indicate psychometric lightness (0 = black — 100 = white), a color parameter on the

red / green axis, and a color parameter on the yellow / blue axis, respectively.

5.2.4 Ethanol-toluene extract contents

After the measurement of heartwood color, ethanol-toluene extract content of
heartwood was determined. About 1 — 4 g of the sample was extracted with 120 mL
of ethanol-toluene mixture (1 : 2, v : v) using a Soxhlet extractor for 6 h. After
extraction, the solvent dissolving the extracts was evaporated off. The flask
containing the extractives was air-dried, and then dried in the oven at 105 + 3°C. The

amount of extract content was determined by the oven-dried weight.

5.2.5 Quantification of extractives

It has been reported that teak wood contains various types of extractives
(Windeisen et al. 2003; Lukmandaru et al. 2009; Lukmandaru and Takahashi 2009,
Niamké et al. 2011). In the present study, the contents of six extractives,
tectoquinone, palmitic acid, lapachol, 2-(hydroxymethyl)anthraquinone, and
squalene, were determined.

The ethanol-toluene extracts prepared by the method described in 5.2.4 were
dissolved in n-hexane and methanol seperately. The both solutions were combained
and moved into small sample bottles, and then the bottles were kept in a fume hood
until the solvents were evaporated off. After drying, the bottles containing the
extracts were stored in a freezer (-20°C) just before use. For quantification, the
following compounds, were used as standards; tectoquinone (2-methylanthraquinone,
Kanto Chemical, Japan), palmitic acid (Kanto Chemical, Japan), lapachol
(Sigma-Aldrich, USA), 2-(hydroxymethyl)anthraquinone (Sigma-Aldrich, USA),

and squalene (Kanto Chemical, Japan).
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One mg of the extract samples or standards except for squalene was dissolved in
I mL of pyridine (Wako Chemical, Japan). In the case of squalene, 1 uL of squalene
was dissolved in 1 mL of pryrine. After that, 1 pL of 3,4,5-trimetoxyphenol solution
as an internal standard was mixed with the 100 pL of the extract solution.
Furthermore, 150 pL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) was
added to each solution, and then the solution was heated at 75°C by oil bath for 30
min.

The extractives were identified by comparing their mass spectra and retention
time with those of standards using a gas chromatograph-mass spectrometer (GC-MS,
Focus GC DSQ II, Thermo, USA). GC-MS conditions were as follow: detector:
electron impact ionization (EI) with ionization voltage at 70 eV, column: DB-1 (15
m x 0.25 mm (i.d.), film thickness 0.25 um, Agilent J&W, USA), ion source
temperature: 300°C. The other conditions were the same with GC analysis.

The extractive contents were determined by a gas chromatograph (GC, HP 6890
series, Agilent, USA) under the following conditions: detector: FID, column: DB-1
capillary column (30 m x 0.25 mm (i.d.), film thickness 0.25 pm, Agilent J&W,
USA), inlet temperature: 300°C, inlet flow: 1.5 mL/min, injection mode: split 10:1,
column temperature: 100 — 300°C (5°C/min), detector temperature: 300°C, carrier
gas: helium, carrier gas flow 0.8 mL/min. One pL of the sample solution was
injected manually into the GC. The retention time of the standards for the five
extractives quantified in the present study were as follows: tectoquinone, 26.819
min; palmitic acid, 26.762 min; lapachol, 27.736 min;
2-(hydroxymethyl)anthraquinone 33.210 min; squalene, 38.830 min.

5.2.6 Statistical analysis

In Chapters 2 and 4, significant differences among sites were recognized only in
growth characteristics (Tables 2.4 and 4.2). In this Chapter, although significant
difference among sites was recognized in L* of heartwood color (Table 5.1), data
from the two sites were combined to analyze among clone variation of the measured
characteristics. For statistical analysis, the same method described in 2.2.4 was

employed.
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5.3 Results and discussion
5.3.1 Decay resistance

The highest value of mass loss was 29.3% for clone P and R. The lowest value
of mass loss was 16.1% for clone V (Table 5.2). In addition, the mean value of mass
loss of 26 sample trees from nine clones was 24.7%. Several researchers reported
mass loss of teak wood attacked by 7. versicolor (Yamamoto et al. 1998; Bhat and
Florence 2003; Bhat et al. 2005). Yamamoto et al. (1998) reported that mass loss
attacked by T. versicolor was 3.2% for heartwood of 30-year-old teak trees planted
in Malaysia. Mass loss of heartwood attacked by 7. versicolor was 1.65 — 1.95%
from 35-year-old teak trees planted in India (Bhat ef al. 2005). In addition, mass loss
by T. versicolor in the heartwood was 11.0, 11.8, and 7.6% for 13-, 21-, and
55-year-old teak trees planted in India, respectively (Bhat and Florence 2003). In the
present study, the value of mass loss was higher than that reported by previous
researchers (Yamamoto et al. 1998; Bhat and Florence 2003; Bhat et al. 2005).
These differences might be related to the diffrence in exprimental methods for decay
test.

Durability of wood depends on several factors, including genetic origin of tree,
silviculture, climate, and local environment (Kokutse et al. 2006). Table 5.2 shows
the statistical values of the mass loss and other measured characteristics. The mass
loss was significantly different among nine clones. In addition, the high R value was
obtained in mass loss. The A* of decay resistance ranged from 0.13 to 0.58 in E.
cladocalix (Bush et al. 2011). In the present study, similar result was obtained with
that of previous study (Bush ez al. 2011). Based on these results, it is considered that
decay resistance of teak is genetically controlled. Therefore, decay resistance is one

of the important criteria for selecting plus trees in teak breeding programs.

5.3.2 Heartwood color

Table 5.2 shows the statistical values of the heartwood color and other measured
characteristics. The mean values of L*, a*, and b* were 619, 5.6, and 17.9,
respectively. In addition, mean values of L*, a*, and b* ranged from 59.0 to 64.3, 4.8
to 6.9, and 16.5 t019.1, respectively. Thulasidas et al. (2006) reported that the values
of L*, a*, and b* at the heartwood of 35-year-old teak trees planted in India were
52.3-564,6.4—-6.9, and 21.1 — 23.4, respectively. The values of L*, a*, and b* at
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the inner heartwood of 32-year-old teak trees planted in Indonesia were 54.2, 6.3,
and 23.5, respectively (Lukmandaru et a/. 2009). Moya and Berrocal (2010) reported
that the mean values of L*, a*, and b* at the heartwood from 7- to 15-year-old teak
trees planted in Costa Rica were 58.2, 10.4, and 25.9, respectively. In addition, Moya
and Calvo-Alvarado (2012) also reported that the mean values of L*, a*, and b* from
the 7- to 15-year-old teak trees at the different plantation sites in Costa Rica were
59.1, 10.4, and 25.7, respectively. Furthermore, the mean values of L*, a*, and b* at
the heartwood of 40 clones of 10-year-old teak planted in Costa Rica were 62.4, 9.5,
and 28.6, respectively (Moya and Marin 2011). In the present study, L* showed
relatively higher, and a*and b* showed relatively lower values compared to those
obtained by previous studies (Thulasidas et al. 2006; Moya and Berrocal 2010; Moya
and Marin 2011; Moya and Calvo-Alvarado 2012; Lukmandaru et al. 2009).

In E. dunii, significant differences in wood color were found among half-sib
families, although the color variation was very small (Vanclay et al. 2008). Montes
et al. (2008) reported that I of L*, b*, and a* were 0.48, 0.52, and 0.52, respectively,
for Calycophyllum spruceanum. In addition, Moya and Marin (2011) reported that
L*, a*, and b* values were significantly different among 40 clones of 10-year-old
teak trees planted in Costa Rica. They also reported that H* of L*, a*, and b* were
0.45, 0.36, and 0.36, respectively. In the present study, the R of L* and a* showed
moderate to high values (0.64 for L* and 0.42 for a*), although the R of b* could not
calculate,. The moderate to high values of R for L* and b* indicate that these

characteristics are also genetically controlled in teak tree.

5.3.3 Quantification of extractives

Table 5.3 shows statistical values of extractive contents. Mean values of
ethanol—toluene extract content ranged from 4.8 to 8.2% in each clone. The mean
value of the ethanol-toluene extract content was 6.8%. The highest value of ethanol—
toluene extract content was 8.2% for clone S, whereas the lowest was 4.8% for clone
V. The ethanol extract content was 8.1% of the 30-year-old teak trees planted in
Malaysia (Yamamoto et al. 1998). Bhat et al. (2005) reported that total ethanol—
benzene extract content ranged from 12.4 to 16.0% in 35-year-old teak planted in
India. In addition, ethanol-benzene extract content at the outer heartwood of 8-, 30-,

and 51-year-old teak trees planted in Indonesia were 5.3, 7.0, and 8.0%, respectively

69



(Lukmandaru and Takahashi 2009). In the present study, the mean value of ethanol—
toluene extract content was almost the same with those of previous report
(Lukmandaru and Takahashi 2009). Furthermore, moderate value of R was obtained
for ethanol-toluene extract content in the present study (Table 5.3). The H* values of
ethanol-benzene extract content were 0.18 and 0.99 in P. fremuloides and P.
deltoides, respectively (Yanchuck et al. 1988; Klasnja et al. 2003). In the present
study, moderate R value for extract content was almost similar to those of previous
studies (Yanchuck et al. 1988; Klasnja et al. 2003).

Figures 5.1 to 5.5 shows total ion chromatograms and mass spectra of sample
and standard of five extractives in GC-MS analysis Table 5.3 also shows the contents
of five extractives, tectoquinone, palmitic acid, lapachol,
2-(hydroxymethyl)anthraquinone, and squalene. The mean content values of
tectoquinone, palmitic acid, lapachol, 2-(hydroxymethyl)anthraquinone, and
squalene were 5.65, 0.13, 0.78, 1.69, and 1.84 umol/g, respectively. The
tectoquinone content of the 35-year-old teak trees planted in India ranged from
0.23 t0 0.32% (10.34 — 14.40 pmol/g) of the ethanol-benzene extract (Thulasidas and
Bhat 2007). At the inner heartwood of the 32-year-old teak planted in Indonesia, the
contents of tectoquinone, palmitic acid, lapachol, 2-(hydroxymethyl)anthraquinone,
and squalene were 0.18, 0.02, 0.02, 0.03, and 0.40% of the oven-dried wood meal
(8.01, 0.78, 0.78, 1.25, and 9.73 umol/g), respectively (Lukmandaru et al. 2009).
Furthermore, Lukmandaru and Takahashi (2009) also reported that, in the inner
heartwood of the 30- and 51-year old teak trees planted in Indonesia, the contents of
teqtoquinone, palmitic acid, lapachol, and squalene were 0.19 and 0.30%, 0.06 and
0.04%, 0.10 and 0.03%, and 0.56 and 0.24% (8.50 and 13.50 umol/g, 2.34 and 1.56
pmol/g, 4.13 and 1.24 umol/g, and 13.63 and 5.84 pumol/g), respectively. In the
present study, mean values of extractive content were lower than those of the
previous reports (Thulasidas and Bhat 2007; Lukmandaru et al. 2009; Lukmandaru
and Takahashi 2009). On the other hand, no significant differences among clones
were found in all extractives (Table 5.3). However, low to moderate values of R were

obtained for the extractive content (Table 5.3).
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5.3.4 Relationships between decay resistance and other measured characteristics

It was reported that decay resistance is significantly correlated with wood color
in teak (Kokutse et al. 2006; Lukmandaru and Takahashi 2008; Moya and Berrocal
2010). Kokutse et al. (2006) reported that mass loss of teak wood attacked by T.
versicolor had significant negative correlations with L* and b*, whereas no
significant correlation was found between mass loss and b* value. Furthermore, mass
loss attacked by 7. versicolor was found to have significant positive correlation with
L* value, significant negative correlation with »*, and no correlation with a¢* in teak
wood (Moya and Berrocal 2010). In the present study, as shown in Table 5.4, no
significant correlation was found between mass loss and heartwood color.

In teak wood, it is considered that the extractives are important for the natural
durability (Narayanamurti et al. 1962; Yamamoto et al. 1998; Bhat et al. 2005;
Lukmandaru and Takahashi 2008). Particularly, tectoquinone was identified as a
bioactive compound for the inhibition of brown-rot fungus Coniophora puteana
(Haupt et al. 2003). In addition, mass loss attacked by brown-rot fungus Antrodia sp.
showed highly significant negative correlations with
2-(hydroxymethyl)anthraquinone (» = —0.82) and tectoquinone (» = —0.79) (Niamké
et al. 2011). In the present study, as shown in Table 5.4, significant correlation was
only found between mass loss and 2-(hydroxymethyl)anthraquinone (r = —0.747).
However, the individual chemical composition of the extractives, even if present in
small amounts, is more vital than the total quantity of the extractives in determining
the durability of teak wood (Haupt et al. 2003). In addition, higher amounts of
extractives may not necessarily contribute to higher natural durability (Hillis 1987;
Yamamoto and Hong 1989). Therefore, further research is needed to clarify the more
detailed relationships between mass loss and other characteristics (wood color, and

extractive contents) in plantation grown teak wood.

5.4 Summary

In this Chapter, the variations of decay resistance, heartwood color, and
extractive contents were clarified for the total 26 trees from nine clones of
12-year-old teak trees planted in Indonesia. In addition, the relationships between
mass loss and other characteristics were also clarified. Significant differences among

clones were found in decay resistance (mass loss), and L* and a* values of
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heartwood. Moderate to high values of R were obtained for these characteristics. It is,
therefore, suggested that these characteristics are genetically controlled in teak trees.
Furthermore, no significant differences were found in b* value of heartwood and
ethanol-toluene extract content. In addition, low to moderate values of R were
obtained in extractive contents. Furthermore, significantly negative correlation was
found between decay resistance (mass loss) and 2-(hydroxymethyl)anthraquinone
content, suggesting that this compound might be related to decay resistance of teak.
Based on these results, decay resistance, heartwood color, and
2-(hydroxymethyl)anthraquinone are important factors to improve the wood

durability in teak breeding programs.
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Table 5.1 Comparison of mean values of mass loss, heartwood color, and extractive

content of clone Q between the two clonal test sites

o Significance
Cepu (n=3) Ciamis (n = 2)
Character between two
Mean SD Mean SD sites
Mass loss (%) 26.0 1.0 26.9 0.8 ns
L* 639 09 60.4 0.5 *
a* 4.9 0.2 6.6 0.9 ns
b* 185 0.5 19.9 0.6 ns
Ethanol-toluene extract (%) 6.4 0.3 6.3 1.6 ns
Tectoquinone (umol/g) 1.40 1.67 1.36 0.26 ns
Palmitic acid (umol/g) 0.05 0.06 0.02 0.00 ns
Lapachol (umol/g) 0.30 0.22 0.11 0.04 ns
2-(Hydroxymethyl)-
anthraquinone (umol/g) 0.38  0.30 0.39 0.11 ns
Squalene (umol/g) 0.61 0.29 0.44 0.54 ns

Note: n, number of trees; SD, standard deviation; ns, no significance; *, significance

at 5% level.
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Table 5.2 Statistical values of mass loss and heartwood color of each clone

Mass loss Heartwood color
Clone code n (%) L* a* b*
Mean SD Mean SD Mean SD Mean SD
P 2 293 20 599 1.1 6.1 02 16.5 0.7
Q 5 260 1.1 624 19 55 1.1 19.1 0.9
R 3 293 46 593 19 69 05 174 2.0
S 3 207 20 59.0 1.0 62 03 17.8 1.7
T 3 252 24 62.7 04 5203 18.0 0.6
U 3 245 59 61.7 0.6 52 0.6 179 0.8
\Y 2 161 0.1 643 0.7 48 04 175 0.5
Y 2 260 43 643 04 51 03 189 0.8
X 3 249 0.6 63.0 1.5 51 0.6 179 09
Mean/total 26 24.7 4.1 619 2.0 56 0.7 179 0.8
Significance o o . s
among clones
o 11.25 3.26 0.31 -
o 9.35 1.83 0.43 1.74
R 0.55 0.64 0.42 -

Note: n, number of trees; SD, standard deviation; **, significance at 1% level; *,
.. . 2 .
significance at 5% level; ns, no significance; ¢°, variance component of clone;

o, variance component of environment; R, repeatability.
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Table 5.3 Statistical values of extractive content ineach clone

Extractive (umol/g)

Ethanol-toluene
2-(Hydroxymethyl)-

Clone code n extract (%) Tectoquinone Palmitic acid Lapachol Squalene
anthraquinone
Mean SD Mean SD Mean  SD Mean SD Mean SD Mean  SD
P 2 7.5 0.7 443 1.58 0.05 0.01 024 0.15 1.25 1.05 1.97  0.05
Q 5 6.5 0.9 554 333 0.15 0.19 090 0.76 1.52 0.88 227 149
R 3 7.7 2.0 442 1.14 0.05 0.01 0.30 0.04 1.71 1.33 .23 0.59
S 3 8.2 1.7 579 022 0.05  0.00 0.79  0.12 2.86 0.34 0.72  0.24
T 3 7.3 0.6 3.64 1.24 0.05  0.00 0.58  0.15 0.81 0.48 1.51 092
U 3 6.7 0.8 10.00 6.18 031  0.09 136  0.33 1.94 0.97 249  1.65
v 2 6.4 0.5 7.02  6.58 032 033 1.00  0.28 292 3.12 373 0.56
W 2 4.8 0.8 566 1.16 0.12  0.07 0.74  0.10 1.06 0.07 1.27  0.16
X 3 6.4 0.9 435 150 0.10  0.04 1.11  0.45 1.12 0.57 1.36  0.68
Mean/total 26 6.8 1.0 565 1.92 0.13  0.11 0.78 0.36 1.69 0.76 1.84 090
Significance
ns ns ns ns ns ns
among clones
o 0.45 0.07 0.01 0.07 0.10 0.35
o’ 1.27 10.48 0.02 0.18 1.21 1.06
R’ 0.26 0.01 0.23 0.26 0.08 0.25

.. C. 2 . 2 .
Note: n, number of trees; SD, standard deviation; ns, no significance; ¢°., variance component of clone; ¢”,, variance component of

environment; R°, repeatability.



Table 5.4 Correlation coefficients between mass loss and

measured characteristics

Character Correlation coefficient
Heartwood color L* -0.393 ns

a* 0.505 ns

b* -0.091 ns
Ethanol-toluene extract 0.070 ns
Tectoquinone -0.408 ns
Palmitic acid -0.586 ns
Lapachol -0.553 ns
2-(Hidroxymethyl)anthraquinone -0.747 *
Squalene -0.490 ns

Note: *, significance at 5% level; ns, no significance.
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squalene in GC-MS analysis

81



Chapter 6 Conclusion

Teak (Tectona grandis L.f.) is an important commercial plantation species, and
the demand for teak wood is increasing in Indonesia. However, the total wood
production of this species is decreasing, because teak wood resources have declined
and the productivity of the plantations is low. Therefore, tree breeding programs
have been developed to produce more productive teak forest in Indonesia, such as
establishment of clonal test sites and seed provenance test sites. In this thesis, the
variations of growth characteristics and wood properties were investigated among
clones and seed provenances of teak trees, and four studies were presented as
follows: (1) variation of growth characteristics, SWV, and P among 15 clones of
12-year-old teak trees, (2) variation of growth characteristics, SWV, and P among 21
seed provenances of 24-year-old teak tree, (3) variation of anatomical characteristics
and wood properties among 9 clones of 12-year-old teak trees, and (4) variation of
decay resistance, wood color, extractive content among nine clones of 12-year-old
teak trees.

The first study focused on the variation of growth characteristics (D, TH, and V),
SWV, and P among 15 clones of 12-year-old teak trees planted at two different sites
in Indonesia. In addition, their R values, interactions between genotype and
environment, and correlations between measured characteristics were also clarified.
Significant differences of all measured characteristics were found among 15 clones
at both sites. Their R values were relatively moderate to high in both sites. These
results indicate that these characteristics are closely related to genetic factors.
Significant interactions between genotype and environment were found in all
measured characteristics, suggesting that interactions between genotype and
environment should be considered when the teak plantations are established in
Indonesia. In addition, SWV and P showed lower interaction between genotype and
environment than growth characteristics. No significant correlations were found
between growth characteristics and SWV, suggesting that SWV is independent of
growth characteristics of teak trees. Based on these results, wood properties and
growth characteristics of teak trees can be improved by application of an appropriate
tree breeding program.

The second study also dealt with the variation of growth characteristics (D, TH,
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and V), SWV, and P among 21 seed provenances of 24-year-old teak trees planted in
Indonesia. The R values and correlations between the measured characteristics were
also determined. Significant differences for all measured characteristics were
observed among provenances, indicating that these characteristics are genetically
controlled. Repeatabilities of growth characteristics, SWV, and P showed moderate
values. These results indicate potentials for improving both growth characteristics
and wood properties of teak trees with the help of breeding programs. Highly
significant positive correlations were observed among the growth characteristics,
suggesting that they are closely related. In contrast, no significant correlations were
observed between the growth characteristics and SWV, indicating that they are
independent each other. It is concluded that mechanical properties are also important
criteria for selecting plus trees in teak tree breeding programs. Principal component
analysis revealed that seed provenances from Indonesia (Bangilan, Deling, and
Randublatung) and India (Malabar and Central Province) had high scores of growth
characteristics and SWV.

The third study clarified the variation of anatomical characteristics and wood
properties among nine clones of 12-year-old teak trees planted in Indonesia. Their R
values and relationships among characteristics were also clarified. Clone P showed
the lowest values of VD, FD, and VEL, and the highest values of FWT, BD, and CS.
The mean values of VD, FWT, FD, VEL, FL, BD, and CS were 188 um, 2.78 pm,
23.4 pm, 0.284 mm, 1.42 mm, 0.51 g/cm3, and 37.5 MPa, respectively. Significant
differences among the nine clones were found in VEL, BD, and CS. Moderate to
high values of R were obtained for FD, VEL, BD, and CS, indicating that these
characteristics are genetically controlled. Radial variation of FL with respect to
relative distance from the pith showed almost the same pattern for the two radial
growth rate categories, suggesting that xylem maturation depends on cambial age
rather than radial growth in teak trees. It is, therefore, concluded that after forming
mature wood, intensive silvicultural practices should be applied to produce as much
mature wood as possible in teak trees.

The fourth study investigated the variation of decay resistance, wood color, and
extractive contents among nine clones of 12-year-old teak trees planted in Indonesia.
Furthermore, R values and relationships between mass loss and other characteristics

were also clarified. Significant differences among clones were found in mass loss
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decayed by Trametes versicolor and heartwood color (L* and a* values). Moderate
to high values of R were obtained for these characteristics. It is, therefore,suggest
that these characteristics are genetically controlled in teak trees. No significant
differences were found in »* value of heartwood and extractive contents. In addition,
low to moderate values of R were found in extractive contents. Furthermore,
significantly negative correlation was found between decay resistance (mass loss)
and 2-(hydroxymethyl)anthraquinone content, suggesting that this compound might
be related to decay resistance of teak. Based on these results, decay resistance,
heartwood color and 2-(hydroxymethyl)anthraquinone content are important factors
to improve the wood durability in teak breeding programs.

In the present study, the growth characteristics and wood properties of teak
varied among clones and seed provenances. In Indonesia, breeding programs of teak
only focus on growth characteristics, such as stem diameter, tree height, stem form,
and etc. However, wood quality is one of the important criteria in breeding program,
because it is related to the quality of the end product. Therefore, based on these
results, it is suggested that growth characteristics and wood quality can be improved
by application of an appropriate tree breeding program. Furthermore, it is indicated
that using a selection index integrating more than a single property would be
effective rather than using a single property in teak trees. In the future, the use of
better planting materials from breeding programs and intensive silvicultural practices
will produce more trees with good growth characteristics, high wood quality, and

shorter rotation age in teak plantations in Indonesia.
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Summary

Chapter 1 Introduction

Teak (Tectona grandis L.f.) is an important commercial plantation species in
Indonesia, due to its high valuable timber. In recent decades, the demand for teak
wood is increasing in Indonesia. However, the demands are exceeding the supply of
the teak wood. Thus, tree breeding programs have been developed to produce more
productive teak forest in Indonesia, such as establishment of clonal test sites and seed
provenance test sites. However, tree breeding programs in Indonesia still only focuse
on growth characteristics and durability characteristics, such as stem diameter, tree
height, stem form, branching, and resistance to pest and disease. It is, therefore,
essential to evaluate the wood property of breeding materials. The objectives of this
study are to evaluate the growth characteristics and wood properties of teak breeding
materials selected by growth characteristics through the teak breeding programs in

Indonesia.

Chapter 2 Growth characteristics, stress-wave velocity, and Pilodyn penetration
of 15 clones from 12-year-old teak trees planted at two different sites
in Indonesia

Growth characteristics [stem diameter (D), tree height (TH), and bole volume

()], stress-wave velocity (SWV), and Pilodyn penetration (P) were measured for 15

clones of 12-year-old teak trees planted at two different sites in Indonesia. Based on

the obtained data, the following items were clarified: the variations in tree growth

characteristics, SWV, and P among clones, their repeatability (R), interactions
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between genotype and environment, and correlations between measured
characteristics.

The mean values for D, TH, V, SWV, and P of the 15 teak clones planted in
Cepu ranged 11.3 —25.2 cm, 7.7 — 15.7 m, 0.136 — 0.658 m>, 3.37 — 3.78 km/s, and
18.7 — 27.6 mm, respectively. The mean values of these characteristics of teak clones
planted in Ciamis ranged 17.0 — 37.7 cm, 12.3 — 23.7 m, 0.295 — 1.472 m3, 3.23 -
3.77 km/s, and 21.0 — 26.9 mm, respectively. Significant differences of all measured
characteristics were found among 15 clones at both sites. Their R showed relatively
moderate to high values in both of sites. The R values of D, TH, V, SWV, and P in
15 clones of 12-year-old teak trees planted at Cepu and Ciamis in Indonesia were
0.50 and 0.76, 0.39 and 0.44, 0.51 and 0.77, 0.30 and,0.27, and 0.60 and 0.65,
respectively. These results indicate that these characteristics are closely related to
genetic factors. Significant interactions between genotype and environment were
found in all measured characteristics, suggesting that interactions between genotype
and environment should be considered when the teak plantations are established in
Indonesia. In addition, SWV and P showed lower interactions between genotype and
environment than growth characteristics.

Highly positive significant correlations were found among growth characteristics
(D, TH, and V). These results indicate that growth characteristics are closely related
each other in teak clones. Thus, D is one of suitable criteria in tree breeding
programs of teak for selecting plus trees with radial growth and height growth, and
high bole volume. On the other hand, no significant correlations were found between
growth characteristics and SWV, suggesting that SWV is independent of growth
characteristics in teak trees. Based on these results, wood properties and growth
characteristics of teak trees are considered to be improved by tree breeding

programs.

Chapter 3 Variation in tree growth characteristics, stress-wave velocity, and
Pilodyn penetration of 24-year-old teak trees originating from 21
seed provenances planted in Indonesia

The variation of growth characteristics (D, TH and V), SWV, and P among seed
provenances were characterized for 21 seed provenances of 24-year-old teak trees

planted in Indonesia. In addition, R and correlations between the measured
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characteristics were also determined.

The mean values of D, TH, V, SWV, and P in each seed provenance ranged 14.8
—31.5cm, 12.8 —21.8 m, 0.228 — 1.126 m’, 3.02 — 3.39 km/s, and 20.4 — 25.9 mm,
respectively. Significant differences among provenances were observed for all
measured characteristics, indicating that these characteristics are genetically
controlled. The R of growth characteristics, SWV, and P were moderate values. The
R values of D, TH, ¥, SWV, and P were 0.27, 0.27, 0.20, 0.24, and 0.23, respectively.
These results indicate the potentials for improving growth characteristics and wood
properties of teak trees with the help of breeding programs. Highly significant
positive correlations were observed among the growth characteristics, suggesting that
they are closely related. In contrast, no significant correlations were observed
between the growth characteristics and SWV, indicating that they are independent. It
is concluded that mechanical properties are also important criteria for selecting plus
trees in tree breeding programs. Principal component analysis revealed that seed
provenances from Indonesia (Bangilan, Deling, and Randublatung) and India
(Malabar and Central Province) showed high scores of both growth characteristics

and SWV, suggesting their canditate sources for establishing teak plantation.

Chapter 4 Among-clone variations of anatomical characteristics and wood
properties in teak planted in Indonesia

The anatomical characteristics [vessel diameter (VD), fiber wall thickness
(FWT), fiber diameter (FD), vessel element length (VEL), and fiber length (FL)] and
wood properties [basic density (BD) and compressive strength parallel to grain (CS)
at the green condition] were investigated for 27 trees from nine teak clones planted in
Indonesia.

The mean values of VD, FWT, FD, VEL, FL, BD, and CS were 188 um, 2.78
um, 23.4 pm, 0.284 mm, 1.42 mm, 0.51 g/cm3, and 37.5 MPa, respectively. Clone P
showed the lowest values of VD, FD, and VEL, whereas the highest values of FWT,
BD, and CS. Significant differences among the nine clones were found in VEL, BD,
and CS. Moderate to high values of R were obtained for FD, VEL, BD, and CS. The
R values of FD, VEL, BD, and CS were 0.22, 0.36, 0.39, and 0.60, respectively.
These results indicate that these characteristics are genetically controlled. In addition,

a significant positive correlation was found between BD and FWT, indicating that
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FWT is strongly correlated with BD in teak.

Radial variations of VD, FWT, VEL, and FL gradually increased from pith to
bark. FD slightly increased near the pith and then became almost constant outward.
Radial variation of BD also showed a gradual increase from pith to bark. On the
other hand, radial variation of CS varied rather considerbly and slightly increased
from pith to bark. Thus, the trends of radial variations of the anatomical
characteristics and wood properties were similar for all clones. Furthermore, radial
variation of FL with respect to relative distance from the pith showed almost the
same pattern for the two radial growth rate categories. This result suggests that
xylem maturation depends on cambial age rather than radial growth in teak trees. It is,
therefore, concluded that after formation of mature wood, intensive silvicultural
practices should be applied to produce as much mature wood as possible in teak

plantations.

Chapter 5 Variation of decay resistance, heartwood color, and extractive
contents in 12-year-old teak clones planted in Indonesia

The variations of decay resistance, heartwood color, and extractive contents
among clones were clarified. Furthermore, the relationships between mass loss and
other characteristics were also clarified for the total 26 trees from nine clones of
12-year-old teak trees planted in Indonesia.

The mean value of mass loss, L*, b*, a*, ethanol-toluene extract contents,
tectoquinone, palmitic acid, lapachol, 2-(hydroxymethyl)anthraquinone, and
squalene of 26 sample trees from nine clones were 24.7%, 61.9, 5.6, 17.9, 6.8%, 5.65
pmol/g, 0.13 pmol/g, 0.78 pumol/g, 1.69 umol/g, and 1.84 pmol/g, respectively.
Significant differences among clones were found in decay resistance (mass loss) and
heartwood color (L* and a* values). The R values of mass loss, L*, and b* were 0.55,
0.64, and 0.42, respectively. Moderate to high values of R for these characteristics
suggest that these characteristics are genetically controlled in teak trees. Furthermore,
no significant differences were found in b* values of heartwood and extractive
contents. In addition, low to moderate values of R were found in extractive contents.
The R values of ethanol-toluene extract, tectoquinone, palmitic acid, lapachol,
2-(hydroxymethyl)anthraquinone, and squalene were 0.26, 0.01, 0.23, 0.26, 0.08, and

0.25, respectively. Furthermore, significantly negative correlation was found
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between mass loss and 2-(hydroxymethyl)anthraquinone content, suggesting that this
compound is related to decay resistance of teak. Based on these results, therefore,
decay resistance, heartwood color, and 2-(hydroxymethyl)anthraquinone content are

important factors to improve the wood durability in teak breeding programs.

Chapter 6 Conclusion

The growth characteristics and wood properties varied among clones and seed
provenances. These considerable variations in different growth characteristics and
wood properties among clones and seed provenances show the opportunities to
improve the wood properties and growth characteristics of teak trees by application
of an appropriate tree breeding program. The results in this study suggest that using a
selection index integrating more than a single property will be effective rather than a
single property in teak trees. In addition, to produce more mature teak wood,
intensive silvicultural practices should be applied after forming mature wood in the
teak plantation. Furthermore, it is suggested that the use of better planting material
(from breeding programs) combined with proper intensive silvicultural practice will
produce more trees with good growth characteristics, good wood quality, and

younger rotation age (more productive teak forest).
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A2 RRIOTIZEITBF—2 (Tectona grandis L.f.) HEMKRD
AMHEEOEEICET 5%

E1E #S

F—2 (Tectona grandis L.f.) 1%, ZOMPEE TGS NS0, v
R3S 7B W THEREEMMBEO —>Th 5, HHE, {1V PRI T
B2 F— 7 MoBEL, BNfEmIcH 208, ZoBERIIMGKEL B>
TED, FHOAHEBEL C0D, ZORMEDRIDD, £ v FR T
KBWTIE, KVEEIOHLF—IMEERT 52 E2HINE LT, R
BREGHHICE VT 70— ikt E X O AE B SRE S N TE .
INETIL, 4V PR 7T 2WRAREE T, KEPE (BER,
WiE, BEE X Ootdh) & X OREESIMELZ ERICEHINTE L, 2
DIz, TS TR OARMEE % 40 L 72F1iZIZ & A R\, 65T,
BREMOARMME 25T 2 2 £ 3HETH S, AFETIE, £~ PRy
TIBT 2 F— 7 OMAKRERGHZE L T, REBEIC K> GERI LT
— 7 BHEMMOREIVE S X ORMIEE 2 T4 2 L 2HWE L7,

FT2E AVKRIVTOELGD2NMICHERE I 12F4&F—- 159 0—
VITBITABRERSE WHRGERES L UVEQT 4 UITAAHRS
BCRRHE, IBTTEERREE (SWV) Bl u 71 VITAAES (P) @
yu— R, EXE, BEAERBEOZHFMNE X OHIEL B ER O
HIBIRAfR 2 A9~ 2 72 D12, #7322 2 37 Hi (Cepu B & OF Ciamis) IZHEFR I 41
e REAEF—7 15 7a—viionT, KERE HiEg (D), BE (TH)
BLUOSHME (1], SWWEBLXOPEHREL .

Cepu ICHEIR SN F—2 15 70— I28}3, D, H, V, SWWELUP
DX, ZNFI11.3~252 cm, 7.7~157 m, 0.136~0.658 m’, 3.37~
3.78 km/s 8 L U 18.7~27.6 mm TH o7z, —J, Ciamis ICEFSI N7z 70—
VIZBT S, Zhs DFEHMEIE, 2 E 4 17.0~37.7 cm, 12.3~23.7m, 0.295
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~1.472m’°, 323~3.77km/s 8 LU 21.0~269mm TH->7, TXTOHEL
7IEIZOWWT, Wil E S 15 70— Y RINCEZENRD &N, Wi
28BS D, TH, ¥, SWV B XU P DOREHIZ, ZNF410.50 &£ 0.76, 0.39
£ 044, 051 & 0.77, 030 £ 027 BXU0.60 £ 0.65 THYH, FE»SEH
fliznRm L7z, 206 DfERIZ, RFATHE L Z2TRED, BIERT L&
BIRL T3 2R LTS, 7, HELALTITXRTOFEICENT, E
BRIEBEOMICERAZRAEA»REO N, 2D LS, AV Ry
7 CF =7 NIMZERT 2880, SRR ERBEORAEERZEEL 2iTn
X oWnWIZ EBHS N ERST, 361, SWWEB LY PIZEIT2EERE
BEOZ AR, MEME LKL T, X EROWEZRL 7.
HIE L - TEROMBIBIfR 2 & L 24558, MEFE (D, THE XU P)
@%T GEZEVIEOMHBEBERIRO SN, ol Etrs, =70
IEWT, JREIFEIZ, AWICEZICBERL T I EDBHL IR S
7-. %of F— 7 OMRAKREMEHENIZ BT, Eﬁ&mkkivﬁmmﬁ%
L CHE\CEMEZ RO RS9 28I 5 72 012, i%h%@ﬁﬁ@®go
T%%k%i%h&.#ﬁ,ﬁﬁﬁﬁaswva®ﬁm, B HBIRIfRIZER
mehf,%—7m£wtswvumﬁ%gkﬁ@jbfm%_&#m%b
SN, DEORRLY, F—2I08 2 A AMME S X ORERE X, MR
BEGIHIC X > THKREABTHL EEZ SN,

FIE AVFRRIVTICHEHE SN 21 EFEMBED 4 EEF—VI(12H1T

ZREEHEYE BHARGERERESLUVEDT 1 VITAAHFESDER
ARFETIE, 4V PR 7ICHBZI N 21 FEHRD 24 4 F— 712
B2, KEWME (D, TH, V), SWV BX O P OFEMIRZR 2 AL .
¥/, REFRE IOHEL ZIEROMHBIRIR b B L 7.

21 FETPEHLO D, TH, V, SWV & X O P O FfE D /Ml & e KMl X
ZNFN 148~31.5cm, 12.8~21.8m, 0.228~1.126 m’, 3.02~3.39 km/s & &
X 204~259 mm TH-o7z., ETOHELZIFEIZOWT, FEHITEEAE
DROLNT, 2D L6, INGDIPEIE, BEWICHEZERZITS
HBRHS Lo, £/, D, TH, V, SWV E LU PDOREXKIZ, znF
11 0.27, 027, 020, 024 BEX1) 023 THH, WInbHHELETH- 7,
I 6lz, KEREMIZ, FEZEVIEOHBEBERIRO SN, ol Lty
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5, REPEPALOCIZERIBERL Twa Z EBH L ER>T, —T1, K
RIPH L SWV L DRICHERMPBRIEERED 5 1y, TN o3z L Tw 5
TEWRBINT., SO, F—7HRKREEGHICE T KSR
ICEBWT, v 7R e EOMIIEE b BELTHIEETH 2 EE2Z o b,
7o, EROON T8GR, £~ F %> 7 (Banglian, Deling & & U8
Randublatung) ¥ £ X4 ~ F (Malabar ¥ & O Central Province) HIRKDFHT-2E
s, EIFEE L SWV I FICEWTEVWERDERZR > 2R L 7.
ft>C, TNSHOMTY, 4V PR T7TOF—7iEkhoEsiorzolc, A
AR & 72 2 WRETED S H 5 .

BAE AVFRRDTICHEFRINEZF—II2ET5BBEMNEEE K UKRM
HEOY O—UHTER

A v Fxe7IiciiREns, #—797a—v 27O WT, M
e DEEER (VD), AHHEEEE (FWT), KigHEER (FD), WEEEE
(VEL) 8 X UOAKHHEE (FL)] B X OORMMEE [AE%EE (BD), 4MIREE
DfEEMERE (CS)] ZFEL 7.

VD, FWT, FD, VEL, FL, BD & X O8N CS O fI%, Z4Z 41 188 um,
2.78 um, 23.4 um, 0.284 mm, 1.42 mm, 0.51 g/em’ & L U 37.5 MPa TdH - 7=,
Clone P 1%, VD, FD 8 X N VEL IZ 2O W TH/MEZR L, —J7, FWT, BD 8
KU CSIZowTlE, mAfiz/nR L7, VEL, BDEB XU CSIZDOWVWT, 97
0— Y TEEENRD S/, FD, VEL, BD 8 XU CS DEHKIX, 21
Z410.22, 036, 039 KLU 060 THYH, HEIrLoEWEZRLL. I
DOFERIZ, MRS & ARMIEE 2B O TH BB Z & 2R
LTw3, I51Z, BD & FWT L ORI, AEZIEOMHBIBERIZED &l
ZEDG, F—7I28WVT, BDORKNMIFWTICRESHELZITALEHZ
55,

VD, FWT, VEL 8 XU FL I, #i2> &M mD > TESISEEMT %
% L7z, —J5, FD X, BifhrchdicsgmL, sMilicrms - Tigig
—9E & 7 BDHEADSED S 47z, BD TUE, Bh S BN A2 o TRESR I
s aEmzRL,. £, CSIE, BRI THEHILET S HDD, H1ro
BN 2> > THO TN T 2 2R T EDBHE L ER ST, 6
I, AHERCEINRTEER X ORMMEE O REE Y — 1k, §XTH7 1
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Y )=N-rILVZUHEYIRE, 77 bX Y, SOLIFURE, Fo8%a—), 2
—(eFaxs XF)L) 7y b 9%/ VEBLXUTARAZ UL VEDEMIHIZ, 1
Zi24.7%, 619, 5.6, 179, 6.8%, 5.65umol/g, 0.13 pmol/g, 0.78 pmol/g,
1.69 pmol/g & X T8 1.84 umol/g TH - 7z, JEMIZ X 2 HEBAEE L LM a
(L*B LW a*fil) I2BWT, Z7u—vHIcEREENRO N, Bk 3
BEMAERBE LN LB L P et BT 2 ERIZ, Z0F41055, 0.64 BL Y
042 THYH, MEPSEVEZRN LT, ftoT, F—7ICBITEIN6DE
B, BEEMCHEIIN TS 2 L3RRI, —7, MO pEE LN
g REICOWTE, ZJu—rvAIcEEENRO ko7, £, il
HYRE L ORI RICE VT, FED» SRV ED RKERIMG S i,
Iy /) —=)-bIVZUtWIE, 77X/ v, ST U, o8-,
2- (EFBRIFTAFN) PV I3F 7 VvBLUORIT L VRIZET S KER
X, ZNZF40.26, 0.01, 0.23, 026, 0.08 KX 025 TH-o7%, I51T, &
Fiick 2EERADELE 2- (e FaFe 2 FL) 7y b o%/ vEEDRICH
BRAOMEBRO o, ZoZEns, 2—- (EFaxs AF)L) 7 b
7% ) UBF = MOMWFHEICEE L Twa 2 EnRgans, UEoflE
L0, F—IMREHEEICE VT, WA, EEX02- (EFaxs
AFN) T Ix 7 vEIZEBERVETHL EEZLNS,
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BEET B 72012, AW 2T B il DU D N TS BT, SR i
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