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EXECUTIVE SUMMARY

African Blackwood, Dalbergia melanoxylon, is one of the most valuable timber species in the
world. The recent status of this species, however, is threatened by both continuous overharvesting
and low regeneration ability. Recent concerns about the sustainability of this species, such as the
IUCN red list or CITES, has led to a rapid and strong interest in resource conservation. African
Blackwood is the national tree of Tanzania, and is mainly distributed among the semi-dry woodland
of sub-Saharan African countries, including Tanzania and Mozambique. It commonly occurs in
deciduous woodland, coastal bushland and wooded grassland, and individuals are frequently found
in “Miombo woodlands”. Since the early 19" century, African Blackwood has been utilized as an
irreplaceable material in the manufacture of woodwind instruments (e.g., clarinet, oboe and
piccolo). The purplish-black colored heartwood is valued due to the precious advantages of the
material’s properties, as well as its appearance. The density of heartwood is comparatively higher
than that of other general hardwood species (over 1.1 g/cm?®), which tends to affect processability
in sawmill factories. However, the smooth surface of processed timber enhances product quality.
In addition, a comparatively lower loss factor compared to other species has contributed to the
specific brilliant sound of woodwinds. Classical music players generally prefer the final products
made from this timber. Finally, since this tree is the only valuable species in local community

forests, its utilization can contribute to local development.

The main objective of this research was to clarify the potential for sustainable forest
management in local communities based on sustainable conservation of African Blackwood.
Currently, there are several issues with the resource sustainability of African Blackwood related to
the efficiency of timber usage. The demand for African Blackwood depends on the musical
instrument industry, and most of the harvested volume is wasted to meet the quality requirements
of the production process. Only 10 % of harvested volume can generally be used in this process,
and such inefficient usage promotes overharvesting. In this study, two approaches were examined
to address the current issues: (1) promoting the conservation and cultivation of high-quality African
Blackwood; and (2) improving usage efficiency of harvested timbers in the present commercial

value chain.

In Chapter 2, “Potential for sustainable forest utilization in Tanzanian community forest:
Environmental factors and wood qualities of African Blackwood”, the silvicultural potential
focused on the sustainable cultivation of African Blackwood was studied in a Tanzanian Miombo

natural forest. The relationship between distribution and environmental factors, i.e., surrounding



vegetation and soil, was examined to clarify the natural growth condition of standing African
Blackwood. Multiple forest surveys were conducted in the local community forests of the southern
part of Tanzania, Kilwa District, Lindi Region. In addition, the physical properties of standing trees
were evaluated by measuring their stress-wave velocity in the field survey. The findings suggested
that African Blackwood could survive under various environmental conditions with intensive
population, whereas tree growth (growth form and appearance) was affected by the surrounding
conditions, particularly the soil conditions. Furthermore, human activities such as forest fire and
agriculture might influence growth form. By contrast, the stress-wave velocity of standing trees
was not affected by environmental conditions. It was suggested that there was no significant effect
of external factors on the real physical properties of timber materials. Timber usage generally
depends on tree appearance. Forest management should focus on producing high-yield African
Blackwood trees to achieve sustainable industrial use. Moreover, methods to promote the growth

process are needed in natural forest.

In Chapter 3, “Improvement of current African Blackwood usage: application of wood flow
forming”, the application of wood flow forming technique was investigated to determine if it could
be applied to utilize wasted African Blackwood timbers effectively. The study focused on the
deformation characteristics of heartwood, in which extractives comprised over 15wt%. These
deformation characteristics were examined via the free compression test. Specimens were
compressed in the radial direction at 120 °C, which dramatically deformed in the tangential
direction. It was suggested that such flow phenomenon depended on both the extractives and
moisture. The thermal behavior of extractives was also analyzed in the dynamic mechanical
analysis using a rheometer. The results indicated that the modulus of transverse elasticity was
relevant to the thermal behavior of ethanol/benzene (1:2, v/v) soluble extractives. The extractives
of heartwood exhibited softening in the range over 50 °C. Furthermore, such extractives existed
only in the heartwood. These findings suggested the potential of flow forming to improve the

current usage of wasted timbers in local sawmill factories.

In Chapter 4, “Challenges for promoting sustainable forest utilization: Biological performance
of local trees”, the further utilization of other local species as well as African Blackwood was
studied as the complementary studies in the effort to achieve sustainable local forestry. The
biological performance, i.e., the durability against termite and wood decay fungi, of African
Blackwood was evaluated in comparison to the heartwoods of other Tanzanian local tree species

such as Pterocarpus angolensis, Afzelia quanzensis and Millettia sthulmannii. The heartwood of



African Blackwood was shown to have strong biological performance, whereas the sapwood was
obviously less resistant to termite and fungal attacks. In addition, the heartwood of other species
like those listed above, also showed a higher biological performance than that of African
Blackwood. High-density species showed higher durability than low-density species, with
extractives possibly contributing to their durability. The highest levels of extractives were shown
to occur in the heartwood of African Blackwood: ca. 25 wt% of ethanol/benzene-soluble
extractives, ca. 13 wt% of water-soluble extractives. The other high-durability species, Afzelia
quanzensis and Millettia sthulmannii, were found to be composed of higher amounts of extractives
than those of general hardwood species; wood chemical analysis, however, revealed differences in
components. These findings suggested the further potential of local species utilization. Unused

species in local forest might be utilized to meet domestic and/or global demands.

A sustainable and healthy forest should be based on sustainable utilization. A well-established
timber market that continuously provides benefits to the local forest supports such utilization. Thus,
forest management should focus on producing valuable timber. To achieve sustainable forest
management, stakeholders must create a business model to maximize each benefit. The current
market for African Blackwood in the musical instrument industry is comparatively stable and
valuable; the findings obtained in this study showed, however, there is room to improve the current
timber usage. High-quality African Blackwood might be provided by controlling the growth
characteristics, because the physical properties were not related to the standing environment. In
particular, controlled gaps in natural forest might improve growth form due to light demands. Such
forest management could be achieved by effective harvesting of surrounding species. The potential
of other local species revealed here should useful for further developing the timber market at a
global level. In addition, the current supply chain for African Blackwood might be dramatically
improved by the application of wood flow forming technique. Effective use of African Blackwood
waste could contribute to creating new value for the timber in Tanzania and other origin countries,
as well as improving material usage. Consequently, the obtained results can contribute to
establishing the sustainable forest business model. African Blackwood is expected to become a
valuable species for local communities in semi-dry areas of African countries together with the

effective utilization of some other local species.



CHAPTER 1
RESEARCH BACKGROUND

1.1 African Blackwood

African Blackwood (ABW) (Fig. 1.1), Dalbergia melanoxylon, locally known as Mpingo in
Swabhili, is now widely distributed through sub-Saharan African countries such as Tanzania,
Mozambique, Kenya, Ethiopia, Nigeria and even Senegal. Currently, harvestable-sized trees (over
24-cm diameter at breast height (DBH) regulated in Tanzania) are observed intensively in the
coastal areas of East African countries such as Tanzania and Mozambique. ABW commonly occurs
in deciduous woodland, coastal bushland and wooded grassland, and individuals are frequently
found in miombo woodland, which is a semi-deciduous formation with a tree layer characterized
by an abundance of three genera: Brachystegia, Julbernardia and Isoberlinia (Campbell 1996;
White 1983) (Fig. 1.2). The miombo woodland covers approximately 10 % of the African continent
(White 1983). It is estimated to contain over 300 tree species which are commonly dominated by
Fabaceae trees. The woodland also supports the livelihood of 100 million people who rely on

products from this distinct and unique biome (Campbell et al. 2007).

ABW trees naturally grow in clusters, and their population density has been estimated as 9—
90 trees/ha (Gregory et al. 1999; Opulukwa et al. 2002; Mariki and Wills 2014). In Tanzania, ABW
is frequently observed in the southern part of the Kilwa District, Lindi Region. Lindi Region is the
fourth largest in Tanzania, with a land area of ca. 6.7 million ha. About 50 % of the land is covered
by forest (Miya et al. 2012) (Fig. 1.3). Mean annual rainfall is 750-1500 mm/year (Fig. 1.3), and
the forest area is composed of miombo woodland in conjunction with the coastal forest. The Kilwa
District is located in the northern part of the Lindi Region, and has a larger forest coverage rate
than other areas in Tanzania: 70 % of the land is covered by forest. The District has some cash crop
cultivations such as sesame and cashew that contribute to local livelihoods (Miya et al. 2012; JICA
and Yamaha 2019).



Fig. 1.2 A representative photo of Tanzanian miombo forest (Nanjirinji A village, Kilwa District,

Lindi Region, Tanzania).
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Fig. 1.3 Location of Lindi Region in Tanzania (outlined in red line) on map of average annual
precipitation of each region (adapted from the database of USGS/USAID, 2018.
https://earlywarning.usgs.gov/fews/product/286).

1.2 History of African Blackwood utilization

ABW is Tanzania’s national tree and has historically been an important species in local areas
(Bryce 1967; Mbuya et al. 1994; Ball 2004; Cunningham 2016). The timber has been locally used
for traditional carvings (Cunnigham 2016) and charcoals (Miya et al. 2012). The heartwood (Fig.
1.4, 1.5), which is called grenadilla in musical instrument industry, is especially considered an
irreplaceable material for woodwind instruments, such as clarinets, oboes, piccolos and bagpipes,
due to its specific characteristics. It is normally purplish-black in color (Fig. 1.5), and extremely
heavy, with 1.1-1.3 g/cm?® of air-dried density (Malimbwi and Luoga 2000; SproRmann et al. 2017).
Meanwhile the damping coefficient (tand) in vibration properties is lower than other general
hardwood species (Brémaud et al. 2012). Such characteristics contributed to a brilliant sound
suitable for orchestra music, and most woodwinds today are made from ABW. In the musical

instrument industry, other Dalbergia species have been also utilized as materials. Dalbergia retusa,



which is called as cocobolo, native to Latin America, has been partly used for clarinets, while
Dalbergia latifolia, which is indigenous to South and Southeast Asia, is mainly used for the
fingerboard, backboard, sideboard and other small parts of guitars. Dalbergia stevensonii, another
Latin-American species known as Honduras rosewood, is used for the marimba. In addition,
Dalbergia nigra, called as Jacaranda or Brazilian rosewood and native to Brazil, has long been
used for musical instruments (Praciak et al. 2013). However, overexploitation of D. nigra over the
centuries led to fears of its extinction (Praciak et al. 2013), and it was banned from international
trade in Appendix | of the Convention on International Trade in Endangered Species of Wild Fauna
and Flora (CITES) in 1992. The industrial usefulness of Dalbergia species has been regarded not

only for local timber use but also as the tone wood parts of instruments worldwide.

Fig. 1.4 A cross-section of ABW log largely consisting of heartwood.



Fig. 1.5 Processed ABW timbers at a local sawmill.

Since the early 19" century, ABW timber has been traded to European countries for woodwind
products (Cunningham et al. 2015). The industrial production of woodwind instruments first
occurred during the Industrial Revolution (Cunningham 2016). The clarinet was developed around
the 1740s in Nuremberg, Germany (Cunningham 2016). European woodwinds were initially made
from European boxwood (Buxus sempervirens), which was one of the heaviest timbers available
in Europe. Although its slow growth and small stem were not user-friendly, its density was useful
for woodwinds (ABCP website). However, the modern standard clarinet is made from ABW as
previously noted, probably due to its dimensional stability and specific black color. Dimensional
stability is especially important for woodwinds, which tend to be affected by changes in humidity
due to blowing performance, as well as the outside environment. The musician’s breath always
creates a dramatic difference in humidity inside and outside the instrument’s cylindrical body. Such
differences sometimes cause cracks, which seriously affect pitch. When trade routes from tropical
countries were established during the colonial period, several tropical timbers including ABW were
brought to European countries (ABCP website). In the 19" Century, ABW became one of the

substitutions for woodwind materials.



1.3 Inefficient resource usage due to limited demand
The demand for ABW generally depends only on the musical instrument industry. As a result,

the material utilization is liable to be inefficient compared to that of normal timber.

ABW normally takes 70-100 years from seed germination to harvestable trees, and a tree’s
characteristics seriously affect timber processing. General tree characteristics have been reported
as follows: average height, 5-7 m; multi-stemmed with a bole circumference normally < 120 cm;
and irregularly shaped crown (Sacénde et al. 2007; Lovett 1987). The average DBH is less than 38
cm, and trees have pale gray to grayish-brown bark, that is papery, fairly smooth, and flaking in
long narrow strips (Bryce 1967). Small trees can cause serious problems in the operation of
sawmills due to lateral twists, deep fluting and knots including cracks (Lovett 1987). Such defects
may affect the general performance of musical instruments. For example, the internal surface
condition of the wood can impact acoustic attenuation in the cylindrical resonators of woodwind

instruments (Boutin et al. 2017).

As a result, sawmills can generate only a small amount of the necessary quality timber, with
an actual timber yield of 9 % (Gregory et al. 1999). This value is equal to around 5 % of the
harvested volume in standing tree, which is extremely lower timber yield compared to general
hardwood processing. Finally, due to the cylindrical shape and typical production yield, only
around 20 % of the volume of shipped material remains in the final product (JICA and Yamaha
2019) (Fig. 1.6). Such inefficient utilization has made ABW one of the most highly priced timbers
in the world, with a market rate of US$14,000-20,000 per m® (Cunningham et al. 2015; Jenkins et
al. 2002). Additionally, intensive harvesting due to such utilization has threatened the species’
sustainability (Jenkins et al. 2002; Hamisy and Hantula 2002). In fact, ABW has been designated
as “near threatened” on the IUCN (International Union for Conservation of Nature) red list since
1998 (WCMC 1998), and international trade of all existing Dalbergia species including ABW has
been restricted worldwide in Appendix Il of the CITES since 2017 (UNEP-WCMC 2017).

Exploitation for industrial use has been threatened as in the case of D. nigra noted previously.
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Fig. 1.6 Schematic diagram explaining general ABW utilization from Tanzania to the final

production company (JICA and Yamaha 2019).

1.4 Forest conservation in Southern Tanzania

ABW is an economically important tree in many African woodlands, supporting local
communities. Hence, the sustainable conservation of ABW resources is vitally important in terms
of local development, as well as for the musical instrument industry. In Tanzania, the Mpingo
Conservation & Development Initiative (MCDI), a local non-government organization (NGO), is
currently working for sustainable forest conservation based on a Forest Stewardship Council
(FSC)-certified forest in the Kilwa District. The MCDI focuses on a participatory forest
management (PFM) system, which acts as a basic legal facilitator for reducing emissions from
deforestation and forest degradation plus the sustainable management of forests, and the
conservation and enhancement of forest carbon stocks (REDD+). It gives local communities
control and ownership of their forest resources, including timber, through demarcated village land
forest reserves (VLFRs), which would otherwise be controlled by the government (URT 2007,
Khatun et al. 2017).

In the PFM promoted by the MCDI, the profit generated through the timber harvesting leads
directly to the public income of the village. Moreover, a part of that income is invested in forest
management activities such as forest patrol, boundary establishment and fire management (JICA

and Yamaha 2019). ABW has become one of the most important species for income generation in
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local communities. Nanjirinji village in the Kilwa District, for example, has continuously earned

revenues by timber harvesting activities (Table 1.1).

Table 1.1 Annual revenues earned from timber harvesting activities in Nanijirinji Village, Kilwa

District (JICA and Yamaha, 2019).

REVENUE REVENUE VOLUME
FINANCIAL
VILLAGE NAME EARNED EARNED HARVESTED
YEAR

(TZS) (USD) (M3)
Nanjirinji A (Mbumbila A) 318,744,806 138,585 1,336.18
Nanjirinji A (Mbumbila B) 2016/2017 11,635,480 5,059 34
Nanjirinji B 18,606,756 8,090 73.4
Nanjirinji A (Mbumbila A) 37,469,051 16,291 142.6
Nanjirinji A (Mbumbila B) 2017/2018 76,353,800 33,197 283.01
Nanjirinji B 5,830,000 2,535 20

1USD =2,300 TZS

1.5 Silvicultural practice

Planting is an effective way of sustaining and promoting regeneration of ABW resources in
natural forest. ABW planting has not yet been shown to be economically viable, given the long
rotation period of 70-100 years to reach harvestable size. Therefore, planting practices have not
yet been examined scientifically. However, growth of planted or natural trees was observed in
annual increments of 0.3-1 m in height and 1-2 cm in diameter for the initial 5 years (Praciak et
al. 2013). In the northern part of Tanzania, Moshi Rural District, Kilimanjaro Region, experimental
planting has been conducted by a local NGO, the African Blackwood Conservation Project (ABCP).
The DBH of planted trees in an experimental site was observed to increase 2—-3 cm per year in the

preliminary survey conducted in 2015.

According to the experimental trials, seedlings could be transplanted to the forest in 1-year
cycles. They were transplanted to tubes or pods 4-5 weeks after germination, and planted after 6—
7 months (Praciak et al. 2013; JICA and Yamaha 2019). The initial spacing of 2 m x 2 m resulted
in well-controlled branching with periodical thinning (Praciak et al. 2013; JICA and Yamaha 2019).

Stem form was also improved by raising trees under medium shade provided by fast-growing

11



softwood trees (Nshubemuki 1993). Planted trees were likely to grow up faster than natural trees

with high quality controlled by silvicultural practices.

Planting activities including seedling production could potentially function to improve the
local incentive for forestry activities in addition to sustaining tree resources. JICA and Yamaha
(2019) conducted a pilot study of ABW planting in a village of the Kilwa District (Nanjirinji A
Village and Nanjirinji B Village), in cooperation with the MCDI. This was the first case of
community-based ABW planting focused on the industrial use of planted seedlings (Nakai 2018;
JICA and Yamaha 2019). Nanjirinji Village is in the southern part of the Kilwa District, and
manages over 60,000 ha of community forest. It has the largest harvested volume of ABW logs in
the MCDI’s areas. In the project, VNRC (Village National Resource Committee) members have
transplanted 2000-3000 seedlings per year. These members were selected to conduct forest
management. The seedlings cultivated in the nursery site (Fig. 1.7) were transplanted by
enrichment planting. In all, a total of ca. 5000 seedlings were planted to the 2.5 ha designated area
in the 2 years after 2017 (JICA and Yamaha 2019). JICA and Yamaha (2019) reported that the

VNRC members have been operating seedling production according to a schedule (Fig. 1.8). The

pilot activities could provide local benefits such as job-creation.

Fig. 1.7 Seedlings cultivated in the nursery site. Left: matured seedlings, Right: transplanting

seedlings after 2-4 weeks from the seedbed to polyethylene tubes.
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Fig. 1.8 Example nursery management schedule. “Ratiba ya umwagiliaji wa kijaru cha kuzarisha

miche ya Mpingo” in Swahili means “Schedule table for irrigation cultivating ABW seedling”.

1.6 Further timber utilization to promote local forestry

Further utilization of other local species is needed to promote sustainable forest management.
The local forest where ABW is frequently distributed has other Fabaceae species, including lesser-
known timber species. Important species in the local forest, including Afzelia quanzensis,
Pterocarpus angolensis, and Millettia sthulmannii, have frequently been traded internationally.

Over 90 % of that, however, was as uncertified timber (Cunnigham 2016).

Afzelia quanzensis trees occur in a range of habitats in East Africa, from the coastal and dune
forests of the Mozambique coastalplain through to miombo woodlands (Cunnigham 2016). This
species, locally called Mkongo in Swabhili, and its timber has been widely used for furniture,
exteriors, house construction, etc., in Tanzania. Pterocarpus angolensis is widespread throughout
deciduous broadleaf savannas and miombo woodlands in Eastern and Southern Africa (Cunnigham
2016). The stem is normally straight and the diameter is generally larger than that of ABW, with
logs that are comparatively easier to process. It has been also utilized for furniture and house

construction. Millettia sthulmannii is another Fabaceae species, and its hard, dark-colored
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heartwood has the potential for use in guitar fingerboards. This species is called Mpangapanga in

Swabhili, and is locally known as a useful timber.

These species are often observed with ABW trees in miombo woodlands, but their use has
been limited compared to the industrial utilization of ABW. Sustainable timber utilization could
create local benefit through domestic and/or international timber trade. It could contribute to
improving local livelihoods, and promoting forest management by investing the profit generated in
timber sales. MCDI has already been promoting such utilization in cooperation with private
companies, and is implementing the conservation of these species in addition to ABW (MCDI
2018).

1.7 Main research objective

The main goal of this research is to achieve a sustainable forest based on the effective
utilization of valuable ABW timbers, which can support the development of local society as well
as the businesses in developed countries. To achieve this objective, the local forest must naturally
produce the high-quality timber for musical instruments due to the present limited demand. This
research suggests that fundamental approaches are needed to address the current problems: (1)
promoting the conservation and cultivation of high-quality ABW tree (as described in Chapter 2
and Chapter 4); (2) improving usage efficiency of harvested timbers in the present commercial

value chain (as described in Chapter 3 and Chapter 4).

As described in Chapter 2, the silvicultural potential of ABW tree in natural forest should be
assessed for future development of high-quality ABW tree cultivation. The surrounding
environment, e.g., climate factors, soil type and surrounding vegetation, potentially influence tree
growth (Julin et al. 1993; Koch et al. 2004), their effects on ABW growth have been previously
studied in some locations (Munishi et al. 2007; Munishi et al. 2011; Banda et al. 2006; Mariki and
Wills 2014). Although the relationship between environmental conditions and wood quality has
not yet been clarified, it can contribute to finding the possibility of sustainable forest conservation,

e.g., growth control, tree planting, propagation.

The additional use of wasted ABW could potentially contribute to local development as
described in Chapter 3. The efficient material use can maximize timber value, and curb the decline
of available resources. In Tanzania, wasted ABW is frequently used as an energy resource, e.g., as

charcoal and fuelwood, at an extremely lower price than that of the timber (Miya et al. 2012). Since
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ABW has specified physical characteristics that are suitable for woodwind instruments, the

additional use is suggested to maximize the present wood value.

A wood’s resistance to biological attacks is a key to developing timber utilization, especially
in tropical species (as in Chapter 4). The biological performance (i.e., durability against both
termite and fungal attacks) is generally related to extractives concentrated during the heartwood
formation, as well as to wood density. The heartwood contains sufficient extractives to impact
insect and decay resistance (Grace 2003), and tropical woods typically have high extractive
contents. Furthermore, high-density woods have slower decay rates than low-density woods
(Chambers et al. 2000; Chave et al. 2009). However, there is little information about the biological
performance of ABW and other coexisting species in local forests. Species with high biological
performance are potentially useful for developing further timber utilization, which brings extra

benefit to local forestry.

The results obtained from this research contribute to providing useful information for
achieving the sustainable utilization of ABW. Although ABW has been used globally as timber
material, there are many problems with sustaining this resource. To achieve sustainable forest,
resource utilization should become profitable for local business. The silvicultural strategy and
sustainable forestry should be established according to the results of this research. They could then

be expected to contribute to our global societies.
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CHAPTER 2

POTENTIAL FOR SUSTAINABLE FOREST UTILIZATION IN
TANZANIAN COMMUNITY FOREST: ENVIRONMENTAL FACTORS
AND WOOD QUALITIES OF AFRICAN BLACKWOOD

African Blackwood (ABW) (Dalbergia melanoxylon) mainly occurs in the coastal areas of
East Africa, including in Tanzania and Mozambiqgue, and its heartwood is commonly known to be
one of the most valuable materials used in the production of musical instruments. Although the
heartwood is one of the most expensive timbers in the world, very low material yield has recently
resulted in the significant reduction of natural individuals. This might have serious impact on local
communities, because this tree is apparently the only species that can support their livelihood.
Therefore, a solution to the problem is urgently needed in terms of the sustainable development of
communities. In this chapter, chapter 2, the environmental factors (stand structure and soil
properties) influencing the tree characteristics of ABW were studied in the Miombo woodlands of
southern Tanzania, where ABW was widely distributed. Three community forests located in Kilwa
District, Lindi Region, Tanzania, were selected as the survey sites, and 10-13 small plots (0.16
ha/plot) were arbitrary established surrounding ABW at each site. In addition, the stem qualities of
standing trees were evaluated by visual inspection rating and a non-destructive measurement of
stress-wave velocity, for understanding the relationship between environmental factors and growth
form. It was found that ABW was widely distributed under various environmental conditions with
intensive population, and that their growth form depended on environmental factors. Since there
was no significant difference of stress-wave velocities among the site, our findings suggest that the
dynamic properties of ABW trees does not depend on growth conditions, which is generally
influenced by various external factors. These results present important information regarding the

sustainable forest management of ABW.

2.1 Research objective

The main purpose of this chapter is to assess the potential of the ABW tree in terms of
sustainable forest utilization. The relationship between distribution and environmental factors
(surrounding vegetation and soil) must be clarified before sustainability of ABW in natural forest
can be achieved. Although some difficulties have currently been noted in terms of the economic

feasibility of ABW (Gregory et al. 1999), forest management focused on this resource could
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continuously contribute to the local community forest due to the economical uniqueness of the
wood. Therefore, valuable ABW that meets the requirements of musical instruments should be

produced effectively by controlling appropriate growth conditions.

In general, the surrounding environment, including climate factors, soil type, and surrounding
vegetation, has the potential to influence tree growth. Such environmental conditions have already
been studied in some locations (Munishi et al. 2007; Munishi et al. 2011; Banda et al. 2006; Julin
et al. 1993; Koch et al. 2004; Mariki and Wills 2014), however the relationship between
environmental conditions and wood quality has not been yet been clarified. In this chapter, some
environmental conditions in the natural distribution areas of ABW were compared to determine the
relationship between tree growth and wood quality. The results can contribute to establishing the

sustainable forest management by local communities.

2.2 Materials and methods

2.2.1 Survey sites

A forest survey was conducted in the southern part of Tanzania, Kilwa District, Lindi Region,
which covers 13,347.5 km? and is one of Tanzania’s most densely forested Districts (Ilunga Muledi
et al. 2016). More than 150,000 ha of this area has been designated FSC-certified forest supported
by MCDI, and it has principally been community forests managed by a local group. Three Forest
Stewardship Council (FSC) -certified community forests (Kikole, Nainokwe, and Nanjirinji) were
selected as samples (Figs. 2.1, 2.2). In each forest, 9-11 small temporary plots (0.16 ha: 40 m x 40
m) were set using GPS (eTrex, Garmin International Inc., Kansas, USA) and a laser range finder
(TruPulse360, Laser Technology, Inc., Colorado, USA). The plots were arbitrary set to evaluate
the differences of environmental factors (vegetation and soil) among the sites, around where ABW
trees has been standing. A total of 31 plots were set as survey sites: 11 in Kikole and Nainokwe,
and 9 in Nanjirinji. Two plots without ABW trees were included at each site as references. The

survey was conducted in July and December 2017.
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Fig. 2.1 Location map of the survey sites (District Boundary was adapted from The World Bank:
https://energydata.info/dataset/tanzania-region-District-boundary-2012, Village Boundary and

FSC Certified Forest area were adapted from MCDI: http://www.mpingoconservation.org/where-

we-work/on-the-map/).

Fig. 2.2 Representative pictures of survey sites: (a) Kikole site; (b) Nainokwe site; (c) Nanjirinji

site.
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2.2.2 Vegetation survey

All living trees over 10 cm DBH (1.3 m from the ground) were measured for DBH and D10
(diameter at 0.1 m from the ground) using a diameter tape. In the case of multi-stemmed trees less
than 1.3 m above the ground, each stem was measured separately, and the biggest DBH stem was
regarded as the individual DBH. The number of individuals was also counted in this way. Trees
were tagged and classified by local species name. Each scientific name was finally identified as
supplemental information referenced by previous survey reports (Gregory et al. 1999; Banda et al.
2006; llunga Muledi et al. 2016) (Table 2.1). Furthermore, both tree height and branch height of
ABW trees over 10 cm DBH were measured by the above-mentioned laser range finder, to evaluate
the growth form of ABW. Total basal area of each tree, G, was calculated by the following equation
(Eq. 2.1):

G = Xias [n(57) (2.1)

where Dy is the DBH of each tree, and k is the stem number of each tree species.
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Table 2.1 Local and scientific names of representative trees in the survey sites (Gregory et al.
1999; Banda et al. 2006; llunga Muledi et al. 2016). Some species have not yet been identified.

Mchenga in Nainokwe and Mtondoro in Nanjirinji had different local names, but were identified as

the same species.

Local Name Scientific Name Family

Mpingo Dalbergia melanoxylon Fabaceae
Mhani Brachystegia spp. Fabaceae
Miombo Brachystegia spiciformis Fabaceae
Msolo Pseudolachnostylis maprouneifolia Phyllanthaceae
Mnepa Pteleopsis myrtifolia Combretaceae
Mtomoni Diplorhynchus condylocarpon Apocynaceae
Kingonogo Combretum spp. Combretaceae
Mpangapanga Millettia stuhlmannii Fabaceae
Mchenga Julbernardia paniculata Fabaceae
Mtondoro Julbernardia paniculata Fabaceae
Msumari Not identified

Msenjele Acacia nigrescens Fabaceae
Muhungo Acacia robusta Fabaceae
Mijare Sterculia appendiculata Malvaceae
Mtandawara Markhamia lutea Bignoniaceae
Mlondondo Xeroderris stuhlmanii Fabaceae

2.2.3 Soil sampling and evaluation

Soil samples were collected from the center of each plot and defined as the equalized condition.

At each sampling point, 4 soil cores were collected from 0-10, 45-55, 95-105 and 145-155 cm
depth using a soil auger (DIK-100A, Daiki Rika Kogyo Co. Ltd., Saitama, Japan). Soil condition
was evaluated in the field by Munsell soil color, finger soil texture, and soil pH (H20) measurement
by a glass electrode pH meter (pH meter D-51, HORIBA, Kyoto, Japan) with a soil suspension 1
(soil): 2.5 (distilled water) ratio. Soil color was evaluated under sunlight according to the standard
Munsell soil color chart, and soil texture was determined by finger test for moist soil samples with

reference to the widely used USDA system (Rowell 2014).

23



2.2.4 Evaluation of surface appearance

The surface appearance of all living ABW trees in each plot over 10 cm DBH was evaluated
according to the following criteria with reference to a previous report (Fukuchi et al. 2011). The
lower part of the stem, from 0.3 m up to 1.3 m, was divided into quarters virtually (Fig. 2.3), and
each part was classified into one of 4 grades (0, 1, 2, 3) based on the ratio of clear areas with no
visible defects, including cracks, holes, piths, etc. (Table 2.2). The grade of each living tree was

obtained using the average of the 4 quarters.

Tm
Evaluated Area

0.3m

Virtual Divided Line

Fig. 2.3 Surface appearance evaluation. The numbers, 1, 2, 3 and 4, indicate the 4 evaluated
surfaces on each stem. The average grade of each stem was calculated by all results from every

surface.

Table 2.2 Grade list for stem surface evaluation.

Grade Clear Part of surface  Note (visual standard)
3 >90 % Extremely clear, no defects detected in visual inspection
2 60-90 % Almost clear but some defects detected
1 30-60 % Some serious defects on limited area of surface
0 0-30 % Significant serious defects detected on wide area of surface
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2.2.5 Measurement of stress-wave velocity

The dynamic physical properties of living ABW trees were evaluated by measuring stress
propagation time in trees with a microsecond timer, FAKOPP (FAKOPP Enterprise, Agfalva,
Hungary). Stress propagation time is generally related to the dynamic physical properties of
materials. In particular, the time in the Longitudinal direction (L-direction) of timbers can be
converted to the dynamic Young’s modulus using material density. Both start and stop sensors
were set on a tree surface at a fixed distance (1 m) at a height of 0.3-1.3 m on the L-direction of
the tree. A stress wave was input by a single tap of a specific hammer (Fig. 2.4). Sensors were
struck into the bark (2 cm deep) at a 60 degrees angle to the surface (Fig. 2.4). Although the angle
for this test is normally 45 degrees (Fujisawa et al. 2005), a larger angle was needed in this study
due to the significant hardness of ABW. Stress-wave velocity Vs (m/s) was approximately

calculated by the following equation (Eq. 2.2):
V=; (22)

where L is defined as the distance (1 m) between sensors, and T indicates the average stress

propagation time of each tree (12 replications per tree: 3 times per quarter (Fig. 2.3)).

~ Hammer

N Start Sensor

Propagation
Direction

1.0 m

Stop Sensor
/ Stem

0.3m

\ Stress-wave
Timer

Stem

Fig. 2.4 An experimental set-up for measuring stress propagation time using FAKOPP.
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2.2.6 Data treatment and statistical analysis

Classification and ordination of tree vegetation data were performed based on total G of each
species, and tree population of each plot. Tree population was calculated from the number of
individuals with the biggest DBH of all stems in the case of multi-stemmed trees. Data items were
statistically compared by Kruskal-Wallis test to analyze the relative effect of each factor (BellCurve
for Excel, Social Survey Research Information Co. Ltd., Tokyo, Japan). In addition, at 1 % critical
difference the Steel-Dwass test was used as a supplementary test. Every referenced plot was
analyzed by the same method.

2.3 Results

2.3.1 Tree species composition

Figure 2.5 shows total G of all measured trees at each site calculated by Eq. 2.1. The total G
values of the 3 sites were 15.07 m%ha in Kikole, 9.64 m?/ha in Nainokwe, and 12.66 m?ha in
Nanjirinji. Nainokwe was the lowest total G value, and was separated from those of other 2 sites.
The same trend was found at reference plots (Kikole: 4.10 m?/ha, Nainokwe: 2.66 m?/ha, Nanjirinji:
3.72 m?/ha). The average basal area of stands in Nainokwe was also smaller than the other sites,
although the difference was not statistically significant at 1 % level (Kikole—Nainokwe: p = 0.0260,
Nainokwe—Nanjirinji: p = 0.6045, Kikole—Nanjirinji: p = 0.1271). The tree species diversity was
the lowest in Nainokwe where only three dominant species (Mpingo (ABW), Miombo
(Brachystegia spiciformis) and Msolo (Pseudolachnostylis maprouneifolia)) have occupied more
than 68 % of total basal area. The G values of ABW at the 3 sites were 5.27 m?/ha in Kikole, 4.19
m?/ha in Nainokwe, and 5.20 m?/ha in Nanjirinji. This was equal to ca. 35 % of the total G value

in Kikole, ca. 44 % in Nainokwe, and ca. 41 % in Nanjirinji (Fig. 2.5).
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Fig. 2.5 Total G per hectare by species for three survey sites.

As shown in Table 2.3, the population density (number of individual trees/ha) of ABW was
trees/ha) (Table 2.3). In addition, the tree density of all species including ABW was also highest in
Nainokwe (Table 2.3). The growth form (DBH and tree height) of ABW in Nainokwe was also
significantly smaller than at the other sites, whereas DBH of all species in Nainokwe was not

statistically different from Nanjirinji (p = 0.6201) (Table 2.3).
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Table 2.3 Comparison of specified parameters among 3 sites (ABW: African Blackwood).

No./ha DBH (cm) ABW
ABW
Forest Branch Height
ABW  All trees ABW* All trees* Height (m)*
(m)~
Kikole 40.91 159.09 34.87+£12.80° 33.30+13.28° 10.54+3.12° 2.32£1.25b

Nainokwe  57.39 227.27 2477 +11.918 21.11+10.18  7.25+ 2.582 1.21 + 0.592
Nanjirinji 31.94 211.11 36.63 +17.16° 23.62+16.34% 11.01 +2.86 1.52 +0.602

*Means with the same letter are not significantly different (Steel-Dwass test, p < 0.01) following Kruskal-

Wallis test.

Distribution of DBH and tree height of ABW trees are shown in Fig. 2.6 and Fig. 2.7,
respectively. Nainokwe had an especially high number of small ABW trees (here we defined “small
trees” as trees less than 20 cm DBH and 7 m height) (Fig. 2.6). The DBH distribution was quite
different between Kikole and Nanjirinji, the number of mid-sized trees (20-40 cm DBH) in Kikole
was also relatively larger than that of Nanjirinji, although tree height showed the same trend in both
forests (Figs. 2.6 and 2.7). Furthermore, in Kikole and Nainokwe there was a clear tendency of
fewer trees with increased DBH, whereas Nanjirinji had a comparatively lower number of mid-
sized trees (Fig. 2.6). Some big trees (DBH >50 cm) were observed in all the sites, but there were
fewer in Nainokwe (Fig. 2.6). Branch height was lowest in Nainokwe, although the difference was
not statistically significant at 1 % level (p = 0.0474) (Table 2.3).
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Fig. 2.6 Distribution of DBH at each site (African Blackwood (ABW) only).
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Fig. 2.7 Distribution of tree height at each site (African Blackwood (ABW) only).
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Figure 2.8 shows the correlation between DBH and D10 in each site. The average values
(mean £ SD) of D10 were 50.38 + 15.64 cm (Kikole), 39.08 + 14.60 cm (Nainokwe) and 56.23 +
24.61 cm (Nanjirinji), respectively. The average value of Nainokwe was significantly lower than
the values of other 2 sites at 1 % level, whereas there was no significant difference between Kikole
and Nanjirinji at 1 % level. According to the linear regressions of the data plots, the slope of
regression line in Nanjirinji was the highest (y = 0.9048x, R? = 0.8964), and the slope of Nainokwe
was the lowest of all sites (y = 0.7619x, R? = 0.8306) (Kikole: y = 0.8257x, R? = 0.8757) (Fig. 2.8).

80
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Fig. 2.8 Relationship between DBH and D10 in the survey sites. The dotted line of each color
indicates the liner regression of the plots in each site, Blue: Kikole, Orange: Nainokwe, Gray:

Nanjirinji.

2.3.2 Soil conditions
Tables 2.4 and 2.5 show soil data for the 3 sites whereby several soil types were observed,
depending on the sampling location (depth and plot). The soil of Kikole was most sandy compared

to the other 2 sites, with a range from clay loam (CL) to sandy loam (SL) (Tables 2.4 and 2.5). On
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the other hand, most of soil samples in Nainokwe and Nanjirinji were evaluated as clay (C), with
white crystal-like calcium carbonate (Tables 2.4 and 2.5). There were no significant differences in
soil pH (H20) between Nainokwe and Nanjirinji, but Kikole was significantly lower than the other
sites (Table 2.4). Soils of yellowish to reddish colors (7.5YR-10.0YR in Munsell Color) were
recorded for some plots in both Kikole and Nainokwe, whereas mostly dark-colored soil (blackish
soil, less than 4.0 in color value) was observed in Nanjirinji. The same trend was also found in the

reference plots (Tables 2.4 and 2.5).

Table 2.4 Soil conditions in the 3 survey sites: soil texture, Munsell Color YR (mean + SD), Color

value (mean + SD) and pH (H20) (mean + SD).

Major
Munsell Color
Survey site n Soil Color value*  pH (H20)*
YR*
Texture
Kikole 44 SL-CL 8.2 +1.992 4.7 £1.52° 6.5 +0.982
Sampling plot Nainokwe 41 L-C 8.1+2.082 3.9+0.722 7.3+1.05°
Nanjirinji 33 C 6.7 £ 1.46° 3.1+0.662 7.5+1.01°
Kikole 8 SL-CL 7.8+0.88 3.9+0.83 6.5+ 0.64
Referenced
Nainokwe 8 LS-C 56+1.16 4.1+0.35 6.1+0.84
plot**
Nanjirinji 6 C 6.7+ 1.30 2.8+0.41 7.2 £0.60

*Means with the same letter are not significantly different (Steel-Dwass test; p < 0.01) following Kruskal-Wallis test.

**Control plots were not statistically analyzed due to their limited replicates.
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Table 2.5 Soil texture data in all the sampling locations (S: Sand, LS: Loamy Sand, SL: Sandy
Loam, SCL: Sandy Clay Loam, SC: Sandy Clay, L: Loam, LC: Loamy Clay, CL: Clay Loam, C:
Clay) including control plots (plot No. with a small letter, *). a: CaCOs, b: Fe nodules, c: CaCOs +

Fe nodules. 10 cm, 50 cm, 100 cm and 150 cm: sampling depth from the ground level.

Kikole Nainokwe Nanjirinji
Plot Plot Plot
10 50 100 150 10 50 100 150 10 50 100 150
No. No. No.
cm cm cm cm cm cm cm cm cm cm cm cm
1 C C CL CL 1 Ls* SC sC SC 1 L C C C
2 CL SCL SCL S 2 LS cC»? ca ca 2 LS LS SL LS
3 SL SL SL SCL 4 LC C 4
4 LS LS LS LS 5 C 5 SC
5 SL L SCL SL 6 C C Ce C 7 C C C C
6 LS SC C SCL 7 LC C Ce - 8 ca ca ca
7 S SL SL LS 8 LC C sce - 9 SL scx ca ca
9 L CL C C 9 C C ca C 10 SCL Ssc* sca -
10 C C 10 LC cC»? ca C 11 LS C C -
12 CL CL SL LS 11 CL ¢C°* (ol -
13 LS SL CL SCL 12 CL C C C
8 LS L SL LS 3 LS CL C C 3 LS C - -
11" CL C C C 13 LS CL CL CL 6" C C C C

2.3.3 Quality analysis of living trees

Evaluation values of the appearance of ABW trees were converted into an average grade:
Low: 0.00-0.99, Middle: 1.00-1.99, or High: 2.00-3.00. Figure 2.9 shows the individual
occurrence ratio of each grade in the Kikole, Nainokwe and Nanjirinji sites. In Kikole and
Nanjirinji, the majority of trees received a “Middle” grade, while Nanjirinji had a larger number of
“High” graded trees, over 30 % (Fig. 2.9). On the other hand, most trees in Nainokwe were

evaluated as “Low”, and it had a much lower rate of “Middle” and “High” grade trees (Fig. 2.9).
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Fig. 2.9 Occurrence ratio of individuals evaluated at each site.

As shown in Table 2.6, average stress-wave velocity (Vs) in Nanjirinji (2990 m/s) was higher
than those in the other sites (Kikole: 2808 m/s, Nainokwe: 2676 m/s); Vs in Nainokwe was the
lowest value of all sites, and the difference compared to the Nanjirinji site was significant at 1 %
level (p <0.001, Table 2.6) although there was no significant difference at 1 % level among survey
sites, Kikole and Nainokwe (p = 0.276), Kikole and Nanjirinji (p = 0.241).

Table 2.6 Average stress-wave velocity (Vs) of African Blackwood (ABW) trees in the survey sites.

Survey site Vs (M/s)*

Kikole 2808 + 5853
Nainokwe 2676 = 4092
Nanijirinji 2990 + 419

*Means with the same letter are not significantly different (Steel-Dwass test; p < 0.01) following Kruskal-

Wallis test.

When all Vs data of ABW trees was plotted against DBH (Fig. 2.10) and appearance evaluation

value (Fig. 2.11), there was interestingly no clear tendency although poor correlation was found
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between Vs and appearance grade (Vs—DBH: r = 0.0637, Vs—appearance grade: r = 0.2356).
Furthermore, there was no relationship in their parameters of each site (Fig. 2.10, 2.11) even though
DBH, height and appearance of trees in Nainokwe was respectively inferior to those of the other 2
sites (Table 2.3). In addition, Vs against each appearance grade was further compared for only over
middle grade (1.00-3.00). Poor correlation was shown between all Vs and appearance grades (r =
0.2512), however there was no significant difference at 1 % level among survey sites (Kikole—
Nainokwe: p = 0.1666, Nainokwe-Nanjirinji: p = 0.9852, Kikole—Nanjirinji: p = 0.0762).
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Fig. 2.10 Relationship between DBH and stress-wave velocity (Vs) of African Blackwood (ABW).
Each correlation coefficient of the site was respectively showed as follows; Kikole: r = -0.1749;

Nainokwe: r = -0.0999; Nanijirinji: r = 0.1134.
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Fig. 2.11 Relationship between the evaluated appearance grade and stress-wave velocity (Vs) of
African Blackwood (ABW). Each correlation coefficient of the site was respectively showed as

follows; Kikole: r = 0.2622, Nainokwe: r = 0.0523, Nanjirinji: r = -0.1128.

2.4 Discussion

In this survey, it was found that ABW could survive under various environment conditions
with high relative dominance. Different vegetation types were observed depending on the sample
location (Fig. 2.5), and the vegetation surrounding ABW tree location significantly influenced the
tree growth. Nainokwe was significantly different from the 2 other sites in terms of tree species
composition and growth form (Fig. 2.5, Table 2.3). Nainokwe is mainly covered by wooded
grassland, while open woodland covers larger areas of Kikole (Mariki and Wills 2014). Meanwhile,
Nanjirinji could also be categorized into mostly open woodland because of its statistical similarity
to the parameters of Kikole, although there have not yet been any official reports (Table 2.3, Fig.
2.5,2.6,2.7).

Generally, there are many low trees with lower branch height in wooded grassland compared
to open woodland (Mariki and Wills 2014) (Table 2.3, Fig. 2.7). In particular, some ABW trees in
Nainokwe showed relatively small DBH in conjunction with tree height compared to those of other
sites (Table 2.3, Fig. 2.6). This forest had many juvenile ABW trees with small DBH and low
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height (Fig. 2.6, 2.7). Furthermore, the correlation between DBH and D10 as shown in Fig. 2.8
indicated that many trees were multi-stemmed in this forest. Although the average D10 in this
forest was the lowest of all sites, the D10 of trees under 20 cm DBH tended to be larger than those
of other sites (Fig. 2.8). This suggests that many juvenile stems possibly regenerate from one root,
the regenerated stems grow with smaller DBH in wooded grassland. Considering the diagnostic
parameters listed in Table 2.3 and Table 2.6, it seems that environmental impacts from forest

parameters continuously influenced growth conditions.

On the other hand, the DBH of all trees in Kikole site were significantly bigger than those of
the other sites, with an intensive number of mid-sized ABW trees, quite different from the
Nanjirinji (Table 2.3, Fig. 2.6). This suggests that there might be a relationship between forest
density and ABW regeneration. ABW has been known as a light-demanding species, thus it might
not regenerate under heavy closed vegetation (Orwa et al. 1994; Washa 2008; Ball et al. 1998). In
cases where the forest density is lower, ABW trees can also become multi-stemmed with smaller
DBH and lower height as shown in Nainokwe (Fig. 2.6, 2.7, 2.8, Table 2.3). This is generally
known as a typical physiological response. Trees in dense forests must compete for light, which
places a premium on height growth, meaning that trees grow tall (Koch et al. 2004). It was
suggested that the significant difference of DBH distribution between Nainokwe and other sites
was a result of the natural ABW habitat. Kikole site apparently has the appropriate conditions under
which ABW trees can coexist with other species because many trees with larger growth form were
observed with high population density of ABW (Table 2.3).

Forest conditions including vegetation type generally depend on environmental factors such
as topography, climate, and human activities. Tree growth can be especially impacted by
topography, resource availability and previous disturbance (Julin et al. 1993; Koch et al. 2004).
The abundance, distribution, and diversity of vegetation tend to be strongly influenced by the
qualities of physical landscape, with plant species arising from both physical and chemical
characteristics of the land (Munishi et al. 2011). Luoga et al. (2004) reported that harvesting
activity significantly affects the vegetation structure of woodlands, and the specific distribution of
aged trees might be the result of clear-cutting of such trees (Jew et al. 2016). Banda et al. (2006)
also reported that the gradient of land protection has been predicted to influence forest ecosystems
in terms of growth form, regeneration, and species richness. As a result, some potential factors,

including human activities such as fire, harvesting, etc., have not yet been studied here. Further
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investigation should be conducted in terms of vegetation transition by human activities to clarify

the specific distribution of ABW trees in natural forest.

Ilunga Muledi et al. (2016) reported a variety of soil factors in a miombo woodland, and that
vegetation was related to soil factors. In this chapter study, we found a variety of soil types at the
3 sites: from sandy to clay, and with or without CaCO3 and/or Fe nodules (Table 2.4, 2.5). However,
the results clearly suggest that ABW can grow in a wide variety of soil types regardless of their
properties. Also, in this survey, dark-colored soils from CL to C soil texture observed in some plots
in the Nanjirinji (Table 2.5), which might have better physical (better drainage and water-retention)

and better chemical (more nutrients) properties.

In general, soil color depends on major inorganic components and the amount of organic
matter, which determines the physical properties of the top soil. High clay content results in a high
capacity for stocking organic matter, so that soil color darkens. Heavier clayey alkali-soil with high
CaCOz content seems to affect root extension into deeper soil layers. In contrast, sandy soil (S),
which was frequently observed in Kikole, might have disadvantages for plant growth due to poor
nutrients and low water holding capacity. The soils of Nainokwe were similar to Nanjirinji,
although their vegetation obviously differed. It was concluded that ABW trees could grow under a
variety of soil types, and even where other plants cannot grow well. It has been suggested that
rooting of ABW trees is not affected greatly by the soil condition due to their coexistence with
mycorrhizal fungi, which fixes nitrogen and is commonly known to radiate out 30-50 m by root
suckers (Washa 2008, Washa et al. 2012). The survival of ABW was apparently the result of
adaptation to a wide variety of soil conditions despite their less-competitive behavior in high-

diversity dense forest.

Recently, studies of the relationship between tree growth and Vs have reported that stress-
wave velocity depends on planting density, which also influenced tree-form properties such as
bending, multi-stems, cracks, decay, etc. (Fukuchi et al. 2011). A positive relationship was
observed between MOE and Vs of the living coniferous tree, Hinoki (Chamaecyparis obtusa
Endle.) (Fujisawa et al. 2005; Ikeda and Arima 2000; Ishiguri et al. 2006), and another positive
relationship between wood hardness and Vs has been observed by using a stress wave timer in some
tropical hardwoods (Nectandra cuspidata, Mezilaurus itauba and Ocotea guianensis) (Da Silva et
al. 2014). In addition, Vs, wood density and ultrasonic velocity which is another non-destructive
measurement has also positively related to MOE of some planted hardwood trees (Melia azedarch,

Shorea spp. and Maesopsis eminii) (Van Duong and Matsumura 2018; Karlinasari et al. 2018).
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Although wood density of the measured trees has not been evaluated in this study, the significant
difference of wood density might result in the different Vs as shown in such current studies for other
species. Wood density is an important parameter to understand wood physical properties, thus
evaluation of wood density should be needed for further discussing tree growth and wood quality.
In addition, Vs is affected by defects such as cracks and pith including holes, because the stress-
wave principally selects the shortest internal propagation route. Therefore, propagation time would
be delayed by the existence of any serious defects between sensors. However, the physical
properties of obtained ABW might not significantly be related to appearance conditions in this
study, because there were only poor correlations between Vs and the appearance grades (Fig. 2.11).
Vs was also poorly correlated with appearance grades even in case of further analysis for only over

middle grades.

ABW trees in Nainokwe site obviously had a worse appearance than the other 2 sites with the
lower parameters in this survey (Fig. 2.9, Table 2.3). This might have been due to the co-
relationship between environmental conditions and tree growth, although their growth rate have
not completely evaluated yet. Trees on fertile, well-drained soils such as loam can grow rapidly,
thus resulting in high density forest (Mariki and Wills 2014), but promoting fluting (Julin et al.
1993). Fluting severity has been positively correlated with tree growth and branch height in
Western Hemlock trees (Tsuga heterophylla) (Singleton et al. 2003). Furthermore, disturbances
such as clear-cutting and mechanical stress can also induce more fluting (Julin et al. 1993).
Karlinasari et al. (2018) also showed the negative correlations between wood quality traits (wood
density, dynamic MOE and ultrasonic velocity) and tree volume at the planting sites of same aged
trees. Since the stress-wave velocities (Vs) were not significantly different among survey sites with
a variety of soil/landscape conditions (Table 2.6, Fig. 2.10, 2.11), the findings in this survey suggest
that the dynamic physical properties of ABW trees are not related to growth conditions in the

natural forest, which is generally influenced by various external factors.

2.5 Conclusions

In this chapter, both the environmental conditions and physical properties of living ABW trees
were investigated to figure out the appropriate conditions for growth and quality requirements as
musical instruments. ABW can survive under various environmental conditions with intensive
population. However, the trees living under inferior conditions in wooded grassland (Nainokwe)

tended to have smaller DBH, lower height, and worse appearance. By contrast, the trees in open
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woodland, Kikole and Nanjirinji, showed better qualities in tree form and appearance. Especially,
the trees tended to have larger DBH, higher height, and better appearance in Nanjirinji site where
the soils with better properties were mostly observed. This suggested that soil condition could
influence ABW growth. The difference of ABW growth form might be related to the light-
demanding, and the influence of the struggle against other plant species. There was no significant
difference in stress-wave velocities of living ABW trees obtained from all 3 sites, even though tree
appearance was observed to be affected by the surrounding environment. Therefore, it was
concluded that there was no significant effect of external factors on the real physical properties of
trees as timber materials. Forest management should focus on producing high-yield ABW trees
with bigger DBH and higher branch height to achieve sustainable industrial use. Moreover,
methods to promote the growth process while maintaining original specifications (i.e., dark-colored
heartwood, high density) are needed in natural forest. Sustainable and healthy forest should be

based on sustainable wood utilization.

As mentioned earlier, ABW is an endangered species, and thus plantations with proper
management must be undertaken in near future, together with novel approaches for the effective
utilization of currently unused parts of the trees. The wood flow forming studied in Chapter 3 was
expected to become a solution to improve the current usage of ABW. The results obtained in this
chapter may contribute significantly to the sustainable production and utilization of this precious

timber resource.
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2.7 Appendices
Appendix 2.1 Plot Locations in the land use map of Lindi Region.

@ Plot Location
[T Village Boundary
D FSC-forest

D National Forest Reserve

Bare Soill
Bushland
Cultivated Land
Grassland

Mangrove Forest

Natural Forest

Permanent Swamp

Nalnokwe

Urban Area
Water

; . A 7 f
' 4 2 " . - Woodland
; Nanjlrlnjl
0 10 20 30 40km g
| B .

Note: Land use map was adapted from diva-GIS: http://www.diva-gis.org/datadown, Village

Boundary and FSC Forest area were adapted from MCDI:

http://www.mpingoconservation.org/where-we-work/on-the-map/.
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Appendix 2.2 Basal area of each plot in Kikole site (m?/plot).

KKL | KKL | KKL | KKL | KKL | KKL | KKL | KKL | KKL | KKL- | KKL- | KKL- | KKL-
Local Name | -1 -2 -3 -4 5 -6 -7 -8 -9 10 11 12 13 Total
Mpingo 176 | 002 | 021 | 1.79| 132 | 0.72| 0.66 | 000 | 095 | 054 | 0.00| 0.36| 092 | 9.28
Mhani 0.00 | 0.00 | 0.08| 0.00| 0.00| 0.15| 0.00 | 0.00| 0.00| 0.00| 0.00| 0.81 | 2.28 | 3.32
Msolo 0.05| 0.09 | 0.00| 0.15| 048 | 0.26 | 0.04 | 0.26 | 0.15| 0.00| 050 | 0.00 | 0.25 | 2.22
Mnepa 0.00 | 0.04 | 022 | 000 | 000| 024 | 024 | 0.69 | 0.00| 0.00| 0.00| 0.00| 0.50 | 1.93
Mtomoni 0.00 | 0.00| 0.10| 0.12 | 029 | 0.86| 0.07 | 0.00| 0.08| 0.00| 0.00| 0.13| 0.00 | 1.67
Mpangapanga | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.90 | 0.00 | 0.36 | 0.17 | 0.00 | 0.00 | 0.00 | 0.04 | 1.47
Mchenga 0.00 | 0.00 | 0.16 | 0.00 | 0.00 | 0.00| 0.69 | 0.00| 0.00| 0.00| 0.00| 0.24 | 0.22 | 1.31
Msumari 0.66 | 0.04 | 0.00| 0.11 | 0.00 | 0.00| 0.00| 0.17 | 0.00| 0.00| 0.06 | 0.00 | 0.00 | 1.03
Kingonogo 0.00 | 0.17 | 0.00 | 0.00 | 0.02 | 0.03| 0.04 | 0.00| 0.00| 0.00| 0.05| 0.00 | 0.00 | 0.31
Others 0.34| 053 | 137 | 034 | 013 | 017 | 0.06 | 044 | 136 | 1.15| 158 | 0.47 | 0.14 | 8.08
Total 281 | 089 | 215| 251 | 224 | 334 | 179 | 191 | 270 | 169 | 219 | 202 | 4.35
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Appendix 2.3 Basal area of each plot in Nainokwe site (m?/plot).

NNK | NNK | NNK | NNK | NNK | NNK | NNK | NNK | NNK | NNK | NNK | NNK | NNK

Local Name | -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 -12 -13 Total
Mpingo 0.74| 057 | 000| 142 | 071 | 092 | 1.40| 0.15| 0.10| 0.82| 0.30 | 0.24 | 0.00 | 7.38
Miombo 0.00 | 0.00 | 0.00| 0.00| 097 | 0.00| 0.15| 1.30 | 0.24 | 0.00 | 0.00 | 0.00 | 0.00 | 2.67
Msolo 0.00 | 0.00| 0.14 | 0.00| 066 | 0.23 | 0.00| 0.36 | 0.23 | 0.00| 0.00| 097 | 0.05| 2.64
Kingonogo 0.03 | 0.00| 0.74| 0.06 | 0.08 | 0.17 | 0.04 | 0.23 | 0.25| 0.00 | 0.13 | 0.04 | 0.07 | 1.83
Mtondowo 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 0.00 | 0.00| 0.34 | 057 | 0.91
Msenjele 0.00 | 024 | 0.21| 0.16 | 0.00 | 0.00 | 0.00 | 0.00 | 0.05| 0.00 | 0.05| 0.01| 0.00 | 0.72
Muhungo 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 0.09 | 0.38| 0.17 | 0.00 | 0.06 | 0.00 | 0.71
Mpangapanga | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 0.00 | 0.00| 0.00 | 0.47 | 0.11 | 0.58
Mchenga 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00| 0.00 | 0.00| 0.00| 0.13 | 0.13
Others 0.07 | 022 | 0.39| 0.04| 0.06 | 0.03| 0.02| 0.42| 0.07| 0.01| 0.07 | 041 | 0.26 | 2.07
Total 0.83| 1.03| 147 | 169 | 248 | 135| 161 | 255| 1.33| 1.00| 055 | 2.54 | 1.18
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Appendix 2.4 Basal area of each plot in Nanjirinji site (m?/plot).

NJR- | NJR- [ NJR- | NJR- | NJR- | NJR- | NJR- | NJR- | NJR- | NJR- | NJR-

Local Name | 1 2 3 4 5 6 7 8 9 10 11 Total
Mpingo 1.16 0.18 0.00 0.28 1.09 0.00 0.93 0.38 1.80 0.87 0.79 7.49
Mchenga 0.00 0.99 1.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 2.60
Mjale 2.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.47
Mtandawara 1.47 0.00 0.00 0.00 0.10 0.00 0.00 0.11 0.00 0.00 0.00 1.68
Unknown?7 0.00 0.00 0.00 0.00 0.42 0.49 0.00 0.22 0.00 0.00 0.00 1.13
Mlondondo 0.17 0.00 0.01 0.00 0.42 0.31 0.14 0.00 0.00 0.00 0.04 1.08
Kingonogo 0.00 0.02 0.04 0.03 0.24 0.07 0.02 0.04 0.00 0.00 0.49 0.96
Msolo 0.00 0.03 0.07 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.15
Others 0.64 0.25 0.23 0.69 0.56 0.98 0.18 0.71 0.03 0.00 0.11 4.38
Total 5.91 1.47 1.82 1.00 2.82 1.90 1.27 1.46 1.84 0.87 1.58

7.00

8.00

500 F

4.00 |

3.00

2.00

1.00

Cross-sectional area (m?/plot)

0.00

1IN

NJR-1

NJR-2 NJR-3 NJR-4 NJR-5 NJR-6 NJR-7 NJR-8 NJR-9 NJR-10 NJR-11
Plot No.

mMpingo m=Mchenga

= Mjale

Mtandawara mUnknown7 mMlondondo mKingonogo m Others

48




Appendix 2.5 Soil color data of Kikole site.

Plot Soil Color (Munsell) Soil Color (common)

No. 10cm 50cm 100cm 150cm 10cm 50cm 100cm 150cm

KKL brownish brownish
7.5YR2/2 | 7.5YR3/2 | 7.5YR4/6 | 10YRA4/6 brown brown

-1 black black

KKL grayish pale reddish | pale reddish | pale reddish
10YR5/2 2.5YR7/3 | 2.5YR7/3 | 2.5YR7/3

-2 yellow brown | orange orange orange

KKL
7.5YR4/2 | 7.5YR4/4 | 7.5YR4/4 | 7.5YR4/4 | grayish brown | brown brown brown

-3

KKL dull yellowish | dull yellow | dull yellowish | dull  yellow
10YR5/4 10YR7/3 10YR6/3 10YR6/4

-4 brown orange orange brown

KKL brownish dull  yellow
7.5YR3/2 | 10YR4/4 10YR4/4 10YR6/4 brown brown

-5 black brown

KKL grayish dull yellowish | dull yellowish | dull  yellow
10YR4/2 10YR5/3 10YR7/3 10YR6/6

-6 yellow brown | brown orange brown

KKL
7.5YR5/3 | 7.5YR4/3 | 7.5YR3/4 | 7.5YR4/4 | dull brown brown dark brown brown

-7

KKL grayish
10YR5/2 | 7.5YR4/2 | 7.5YR4/3 | 7.5YR5/4 grayish brown | brown dull brown

-8 yellow brown

KKL brownish brownish
10YR2/2 | 7.5YR3/2 | 7.5YR4/3 | 7.5YR4/3 brown brown

-9 black black

KKL brownish grayish dull yellowish | bright yellow
7.5YR3/2 | 10YR4/2 10YR7/4 10YR7/6

-10 black yellow brown | orange brown

KKL brownish brownish brownish grayish
7.5YR3/1 | 7.5YR3/1 | 7.5YR3/1 | 7.5YR4/2

-11 black black black brown

KKL bright yellow | dull  yellow
7.5YR4/2 | 7.5YR6/4 | 10YR7/6 | 10YR7/4 | grayish brown | dull orange

-12 brown brown

KKL brownish
7.5YR3/2 | 7.5YR4/3 | 7.5YR3/3 | 7.5YR4/3 brown dark brown brown

-13 black
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Appendix 2.6 Soil color data of Nainokwe site.

Plot Soil Color (Munsell) Soil Color (common)
No. 10cm 50cm 100cm 150cm 10cm 50cm 100cm 150cm
NNK- brownish
7.5YR3/2 | 7.5YR3/3 10YR4/4 10YR4/4 dark brown brown brown
1 black
NNK- brownish brownish grayish grayish
10YR3/2 10YR3/2 10YR4/2 10YR4/2
2 black black yellow brown | yellow brown
NNK- dull reddish dull reddish dull reddish
7.5YR4/3 | 5YR4/4 5YR4/3 5YR4/3 brown
3 brown brown brown
NNK- brownish brownish brownish grayish
10YRS3/2 10YR3/1 10YR4/1 10YR4/2
4 black black gray yellow brown
NNK- grayish dull yelowish
7.5YR4/2 | 10YR4/3 10YR4/4 10YR4/4 brown brown
5 brown brown
NNK- brownish dull reddish reddish
7.5YR3/2 | 5YR4/4 5YR4/6 7.5YR4/6 brown
6 black brown brown
NNK- brownish dull reddish dull reddish
7.5YR3/2 | 5YR4/4 5YR4/3 - -
7 black brown brown
dark
NNK- dull reddish dull reddish
5YR3/2 5YR4/4 5YR5/3 - reddish -
8 brown brown
brown
NNK- brownish grayish grayish dull yellow
5YR4/1 10YRA4/2 10YR5/2 10YR6/3
9 gray yellow brown | yellow brown orange
grayish
NNK- grayish grayish dull yellowish
10YR4/2 10YR5/2 10YR4/2 10YR4/3 | yellow
10 yellow brown | yellow brown | brown
brown
NNK- brownish
7.5YR3/2 | 7.5YR4/4 7.5YR5/4 - brown dull brown -
11 black
NNK- brownish dull reddish dull reddish
7.5YR3/2 | 5YR4/4 7.5YR5/3 5YR5/3 dull brown
12 black brown brown
NNK- dull reddish dull reddish reddish
7.5YR4/3 | 5YR5/4 5YR4/4 5YR4/6 brown
13 brown brown brown
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Appendix 2.7 Soil color data of Nanjirinji site.

Plot Soil Color (Munsell) Soil Color (common)
No. 10cm 50cm 100cm 150cm 10cm 50cm 100cm 150cm
NJR- brownish brownish brownish
7.5YR2/1 | 7.5YR2/2 | 7.5YR3/2 7.5YR3/2 | black
1 black black black
NJR- brownish dull reddish grayish
7.5YR3/1 | 7.5YR4/4 | 5YR4/4 7.5YR4/2 dark brown
2 black brown brown
NJR- brownish dark reddish
5YR2/2 5YR3/4 - - - -
3 black brown
NJR- dark reddish | dark reddish
7.5YR3/3 | 5YR3/6 2.5YR3/6 - dark brown -
4 brown brown
NJR- brownish brownish brownish
7.5YR2/1 | 7.5YR3/2 | 7.5YR3/2 7.5YR3/2 | black
5 black black black
NJR- brownish brownish brownish brownish
7.5YR3/1 | 7.5YR3/1 | 7.5YR3/1 7.5YR3/2
6 black black black black
NJR- brownish brownish brownish
7.5YR2/1 | 7.5YR3/1 | 7.5YR3/2 7.5YR3/2 | black
7 black black black
NJR- brownish brownish brownish brownish
5YR2/1 5YR3/1 7.5YR3/2 10YR3/2
8 black black black black
NJR- brownish dull reddish dull reddish
7.5YR2/2 | 7.5YR3/3 | 5YR4/4 5YRA4/4 dark brown
9 black brown brown
NJR- brownish grayish
7.5YR3/2 | 7.5YR4/2 | 7.5YR4/3 - brown -
10 black brown
NJR- dark reddish | reddish dark reddish
5YR3/3 5YRA4/6 5YR3/6 - -
11 brown brown brown
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Appendix 2.8 Soil pH (H20) and topographic information of all the plots.

Soil pH (H20)

Plot No. Topographic Information

10cm 50cm 100cm 150cm
KKL-1 6.71 6.64 6.75 6.86 | Lower gentle convex slope
KKL-2 6.71 7.13 8.17 7.94 | Lower gentle concave slope
KKL-3 6.09 5.74 5.74 5.77 | Flat crest
KKL-4 6.99 7.77 7.88 8.30 | Lower gentle convex slope
KKL-5 6.42 5.90 5.92 6.34 | Mid gentle simple slope
KKL-6 6.22 8.15 8.18 8.00 | Mid gentle concave slope
KKL-7 6.01 5.76 5.67 5.65 | Gently convex crest
KKL-8 6.51 6.09 6.40 6.02 | Flat crest
KKL-9 6.69 6.84 5.34 5.85 | Mid gentle concave slope
KKL-10 6.19 7.23 7.78 7.97 | Upper gentle simple slope
KKL-11 6.61 5.81 7.04 7.79 | Mid gentle simple slope
KKL-12 6.49 4.96 5.69 6.02 | Lower gentle simple slope
KKL-13 6.27 5.23 4.99 5.00 | Mid gentle simple slope
NNK-1 6.73 6.36 8.87 8.89 | Flat terrain
NNK-2 6.93 8.65 8.55 8.61 | Flat terrain
NNK-3 6.64 5.82 5.84 7.99 | Flat terrain (small gentle hill)
NNK-4 6.87 7.96 8.40 8.60 | Flat terrain (many cracks on surface)
NNK-5 7.04 6.89 7.12 7.14 | Flat terrain
NNK-6 6.65 6.65 6.87 7.20 | Flat terrain
NNK-7 6.86 6.83 787 | - Flat terrain
NNK-8 6.60 6.29 7.76 | - Flat terrain
NNK-9 6.31 7.26 8.04 8.13 | Flat terrain
NNK-10 6.74 8.83 9.13 8.92 | Flat terrain
NNK-11 6.24 6.83 719 | - Flat terrain
NNK-12 5.31 5.54 5.38 5.79 | Flat terrain
NNK-13 5.62 5.72 5.56 5.56 | Flat terrain
NJR-1 6.94 7.09 7.61 8.35 | Lower gentle simple slope
NJR-2 6.80 6.85 6.96 6.97 | Mid gentle simple slope
NJR-3 7.14 6.86 | - - Convex broad ridge
NJR-4 6.45 6.60 6.85| - Mid gentle simple slope
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NJR-5 7.04 6.39 6.80 7.06 | Flat terrain
NJR-6 6.40 7.07 7.88 7.94 | Flat terrain, well drained
NJR-7 6.39 7.85 8.14 8.41 | Flat terrain
NJR-8 6.77 6.33 6.71 7.18 | Flat terrain
NJR-9 7.08 9.35 9.50 9.48 | Flat terrain
NJR-10 8.39 9.39 9.40 Flat terrain
NJR-11 7.04 6.60 7.30 Flat terrain
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Appendix 2.9 Distribution of stress-wave velocity in Mpingo trees among the survey sites.
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Appendix 2.10 Moisture content of a green African Blackwood (ABW) heartwood

obtained in Nanjirinji site.
A) Materials and Method

1. Green ABW heartwood
At the harvesting process of ABW, two off-cut logs (150-180 mm, diameter; 1000
1200 mm, length) were obtained from a harvested standing ABW tree. The obtained off-
cutting logs were directly carried to the local sawmill factory in the morning of harvesting
date, and the specimens (30 mm (L) x 50 mm (R) x 50 mm (T)) of ABW heartwood were
processed from each log with 6 replicates: 3 specimens from the middle part, 3 specimens
from the edge part.
2. Measurement of moisture content
The weight of specimens (W1) was measured with the electric scale, and they were
oven-dried at 105°C for over 5 days until when the weight change rate in a range of under
1%. The oven-dried weight (Wo) were measured with the electric scale after drying, the
moisture content (MC) was calculated using the following equation:

W,-W,
MC = ——2x100 (%)
Wo

B) Results (only Table)

Log number Specimens Sampling part MC (%) Mean + SD (%)

21.49
Middle of log 22.12 21.91+0.36
22.10

20.13
Edge of log 20.39 20.28 +0.13
20.31

| O MW N P

21.00

N

Middle of log 20.98 20.88 £ 0.19

20.66

21.83

Edge of log 23.64 23.17+1.18

o o b~ | W

24.04
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CHAPTER 3
IMPROVEMENT OF CURRENT AFRICAN BLACKWOOD USAGE:
APPLICATION OF WOOD FLOW FORMING

African Blackwood (ABW: Dalbergia melanoxylon) has been mainly utilized as an
irreplaceable material in musical instruments, e.g., clarinet, oboe and piccolo. Since its use is
generally for the production of musical instruments only, most of the harvested volume is wasted
due to defects that would affect the quality of final products. Such inefficient usage has resulted in
frequent overharvesting, furthermore the local benefit created through log harvesting tend to
become much lower than the market value of the timbers. In Chapter 2, it was suggested that ABW
could survive under various environmental conditions together with the potential to produce high-
yield ABW trees. The usage should be improved to achieve sustainable resource utilization,

especially for valuable resources required long-term for growing up to the harvestable sized trees.

Wood flow forming can transform bulk woods into materials in temperature/pressure-
controlled mold via plastic flow deformation. The main object of this study was to evaluate the
deformation characteristics of ABW heartwood test the potential of wasted ABW parts in terms of
effective material use. The deformation characteristics of heartwood were examined by free
compression tests. Specimens were compressed along the radial direction at 120 °C, and air-dried
heartwood was dramatically deformed in the tangential direction. The plastic flow deformation of
ABW was amplified by the presence of both extractives and moisture. In particular, the
ethanol/benzene (1:2, v/v) soluble extractives in heartwood may have contributed to flow
deformation. The results of the dynamic mechanical analysis showed that the air-dried heartwood
exhibited softening in a temperature range over 50 °C. The ethanol/benzene soluble extractives
contributed to the softening behavior. The clarified deformation characteristics of ABW can

contribute to more efficient material use of local forests.

3.1 Research background and objective

The usage efficiency of ABW tends to be inferior to other general hardwood species due to
the growth characteristics studied in Chapter 2. Wood flow forming is a novel technique for
molding three-dimensional products from bulk wood (Yamashita et al. 2007). It has been suggested

that wood flow deformation is plastic flow deformation due to the slipping of wood cells in or
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around the intercellular layers under specific temperatures (Miki et al. 2014). Plastic flow
deformation occurs under high compressive load after two types of compressive deformation
stages: elastic deformation and densification deformation (Miki et al. 2014; Sugino et al. 2020).
The bulk wood of air-dried Japanese cedar (Cryptomeria japonica) was deformed and flowed in a
mold by the addition of both high pressure and high temperature, i.e., 150 kN loading at 130 °C
(Yamashita et al. 2009). Furthermore, flow deformation could be promoted by increasing moisture
content and/or adding thermosetting polymers (Yamashita et al. 2009; Miki et al. 2013; Miki et al.
2014; Seki et al. 2017). In particular, it has been suggested that an increase in the polymer content
can dramatically improve flow deformation (Seki et al. 2016a; Seki et al. 2016b). Timber

impregnated with polymer can flow based on the thermal softening behavior of the polymer.

The quantity of extractives in ABW heartwood has been estimated to be over 15 wt% in
ethanol/benzene (1:2 v/v) solvent extraction, which is much higher than in other Dalbergia species,
such as Dalbergia cultrate and Dalbergia latifolia (Yin et al. 2018). As described in the next
chapter, the quantity of extractives in ABW heartwood was also much higher than other
representative Fabaceae species (see Chapter 4). The high concentrated extractives potentially
work to promote flow deformation by heating beyond the thermal softening point of them.
Although identification and isolation of extractives obtained from ABW heartwood have been
partly reported (Eyton et al. 1967; Donnelly et al. 1969; Seshadri 1972; Yin et al. 2018), there is

little information about the effect of extractives on the thermal behavior of ABW.

The main objective of this chapter was to reveal the deformation characteristics of ABW, and
to discuss the relationship between flow deformation of heartwood and thermal behavior of
extractives. Free compression tests were conducted to examine the deformation characteristics of
ABW. In addition, the thermal behavior of extractives was evaluated based on the temperature-
dependence of the dynamic viscoelasticity of ABW in the modulus of transverse elasticity. The
heartwood which occupies the large part of ABW trees was the main target, so that the results might

contribute to improvement of the general material utilization of ABW.

3.2Materials and methods

3.2.1 Wood specimens
Specimens of ABW were obtained from logs over 24 c¢cm in diameter at breast height,

harvested in 2018 at the Forest Stewardship Council (FSC)-certified forest located in the Kilwa
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District, Lindi Region, Tanzania. Two types of specimens were prepared for this study. Disk-
shaped specimens of ABW heartwood obtained from tangential sections of the wood with 15-mm
diameter (longitudinal, L x tangential, T) and 2-mm thick in the radial direction were prepared for
the free compression test with 20 replicates. Rectangular specimens of ABW (heartwood and
sapwood), measuring 30 mm (L; longitudinal direction) x 1 mm (R; radial direction) x 5 mm (T;
tangential direction), were prepared for the dynamic mechanical analysis with 15 replicates per
specimen. All specimens were cut from air-dried timber conditioned for over 3 months at room
temperature, and specimens were kept in a controlled chamber (KCL-2000, Tokyo Rikakikai Co.
Ltd., Tokyo, Japan) conditioned at 22 + 2 °C and 60 % relative humidity (RH) for over 30 days.

3.2.2 Pretreatment prior to the tests

Figures 3.1a and 3.1b show the experimental procedures for the disk-shaped and rectangular
specimens, respectively. For both, four types of treatment (air-drying (AD), water extraction (WT),
ethanol/benzene extraction (EB), and oven-drying (OD)), were prepared with 5 replicates
according to the experimental procedures (Fig. 3.1a, 3.1b). All specimens were oven-dried at
105 °C for over 24 h, and their oven-dried weights (Wo) were measured with an electronic scale
(GH-252, A&D Company Ltd., Tokyo, Japan).

The extraction processes were applied for the WT and EB specimens (Fig. 3.1). Water
extraction was performed as follows. Oven-dried specimens were soaked in 150 mL of distilled
water using a sealed Erlenmeyer flask. The soaked specimens were stirred for 10 min. in the water
bath at 40 °C with ultrasonic treatment (Branson 5510JDTH, Yamato Scientific Co., Ltd., Tokyo,
Japan), and then kept in the controlled chamber at 45 + 5 °C for 48 h. For the extraction, specimens
from different sampling parts (heartwood, sapwood) were placed in different flasks to prevent the
migration of extractives between parts. For the EB specimens, extraction was performed in the

same way using an ethanol/benzene (1:2, v/v) solution instead of distilled water.

After extraction, both the WT and EB specimens were stored at room temperature for over 1
week, and then oven-dried at 105 °C for over 24 h to measure the extracted weight (We) with the

electric scale (Fig. 3.1a, 3.1b). The extraction rate was calculated by equation 3.1 using Wo and We:

x 100 (%) (3.1)

. Wo-W,
Extraction rate = %
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The AD and extracted WT and EB specimens were conditioned at 22 + 2 °C and 60 % RH for
over 3 weeks. The conditioned weight (W1) was then measured with the electric scale. In addition,
the dimensions of each specimen were measured after the conditioning process, as described later.

The moisture content (MC) of each specimen was calculated before the tests using the following

equations 3.2a and 3.2b:
MC = 222 X100 (%) (3.2a)
MC = "% x100 (%) (3.2b)

The MC of AD specimens was calculated using Eq. 3.2a, while that of extracted specimens (WT

and EB) was calculated using Eqg. 3.2b.

The dimensions of AD, WT, EB, and OD specimen were measured just before the tests (Fig.
3.1a, 3.1Db). For the specimens provided to free compression test (Fig. 3.1a), the dimension of radial
direction (R-direction, ho) was measured at the center point of specimens with a micrometer (OMV-
25MX, Mitutoyo Corp., Kawasaki, Japan); the dimensions of longitudinal (L-direction) and
tangential directions (T-direction) were measured at the centerline of each direction with a digital
caliper (CD-15CP, Mitutoyo Corp., Kawasaki, Japan). The cross-sectional area was calculated
using the image processing software ImageJ (Rasband 1997-2012; Schneider et al. 2012). In
addition, the wood density before free compression test was also calculated using W1, ho and the
value of cross-section area (AD, WT, EB: air-dried density; OD: oven-dried density). For dynamic
mechanical analysis (DMA) specimens (Fig. 3.1b), R-direction and T-direction dimensions were

measured at the centerline of each with the above-noted digital caliper.
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Oven-drying at 105 °C for over 24 hours, measurement of weight W, |

Extraction process
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| Free compression test |
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(b)

AD
(Air-drying)
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WT
(Water extraction)

EB
(Ethanol/benzene extraction)

oD
(Oven-drying)

I
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Oven-drying at 105 °C for over 24 hours, measurement of weight W, |

Extraction process

| Water extraction |

| Ethanol/benzene extraction |
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| Oven-drying at 105 “C for over 24 hours, measurement of W, |
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| Conditioning at 22+ 2 °C, 60 % RH for 3 weeks, measurement of weight W, |
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Measurement of dimensions (radial-, tangential-direction)

(Only heartwood)

Dynamic mechanical analysis (DMA)

Fig. 3.1 Experimental procedures for: (a) free compression test, 5 replicates of disk-shaped

specimen for AD, WT, EB and OD; and (b) for dynamic mechanical analysis (DMA), 5 replicates

of rectangular specimen for AD, WT and EB.
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3.2.3 Free compression test

The free compression test was performed with a universal testing machine (Instron 5582,
Instron Co., MA, USA) as illustrated in Fig. 3.2. Specimens were placed on the lower punch
controlled at 120 °C, and held in place with the upper punch without loading for the pre-heating
time of 60 s. (Fig. 3.2). They were then compressed at a constant speed (0.02 mm/s), while both
compressive stress (P) and gap displacement caused by deformation of specimens (hs) were
measured. Compression was also performed without specimens, and the P and the gap
displacement caused by deformation of punches (hy) were measured. The actual displacement (h)

was calculated using Eqg. 3.3.

h=hot Iy (3.3)

The stress-strain curve was described using nominal strain (¢) and nominal stress (o) calculated

using equations 3.4 and 3.5:

e = 1— (h/hg) (3.4)

o = P/(nd?/4) (3.5)

where ho is the initial specimen thickness (in the R-direction), z is the circular constant, and d is
the diameter of the punch (d = 15 mm). Specimens were compressed to a maximum compressive
load of 20 kN, equivalent to 113 MPa in compressive stress. In this test, water vapor pressure,

caused by heating air-dried specimens, was neglected due to the small specimen size.

After the test, all specimens except for the OD were placed in a controlled chamber for 1 week
at 22 £ 2 °C and 60 % RH for conditioning, and the parameters of specimen weight, dimensions
(L-direction, R-direction, and T-direction) and cross-section area, were measured (Fig. 3.1a). The
parameters of OD were measured immediately after the test. Dimensional changes (Dc) caused by

the test (L-direction, T-direction and cross-sectional area) were calculated by equation 3.6:
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D, = % x100 (%) (3.6)

where Dy and D, are the dimensional values of specimens before and after the test, respectively.
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Lower pﬁbq L:::DJ I—» Tangential direction (T)
’ *

(a) Before deformation (b) During deformation

Fig. 3.2 Schematic diagram of free compression test. d: specimen diameter, ho: initial thickness,

h: deformed thickness.

The physical parameters, Young’s modulus and maximum strain, were determined from the
stress-strain curve collected through the test results. Young’s modulus (E) was calculated from the
angle of elastic deformation area in the curve. The stress at the flow-starting point (of) was defined
as the inflexion point of the stress-strain curve (Fig. 3.3), where the first peak of the derivative
stress with respect to the strain (do/de). The strain at the inflection point was defined as the flow-
starting strain (erf). The maximum strain (em) was defined as the compressive strain value at the

maximum compressive stress, om = 113 MPa in the test.
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Fig. 3.3 Method for calculating the deformation parameters from the stress-strain curve.

3.2.4 Dynamic mechanical analysis (DMA)

The DMA was performed using a rheometer (ARES-G2, TA Instruments, New Castle, USA).
The complex dynamic modulus (G”) of viscoelastic materials generally represents the relation
between the storage modulus (G ) and loss modulus (G ), which are calculated from the dynamic

performance with oscillation stress and strain by equations 3.7 and 3.8:

G'=G (0)+iG " (@)=|G"| (cos 6 +isin6) (3.7)

tan6=G (©)/G (@) (3.8)

where i is the imaginary number, w is the angular frequency, ¢ is the phase angle, and tano is the

loss factor. In this analysis, G’, G” and tano were calculated from the amplitude and phase
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difference (6) of the oscillation curve for torque using the analysis software (TRIOS, TA

Instruments, New Castle, USA).

The temperature-ramp test was conducted under a controlled environment by N purge, from
-50-250 °C at a constant temperature ramp rate (5 °C/min). Both edges of specimens were cramped
at 20-mm in the L-direction, and loaded with dynamic torsion, 0.5% oscillation shearing strain at

a constant frequency of 1.0 Hz (Fig. 3.4).

Upper cram
pp P\_\\_\h -

Test specimen -
N £
£
o
N
S mm (T)_|
P
Lower cramp J---
™a .

Oscillation (1 Hz, 0.5 % shearing strain)

Fig. 3.4 Experimental set-up for the dynamic mechanical analysis using a rheometer.

3.2.5 Statistical analysis
The Tukey-Kramer test at 1% critical difference (p < 0.01) was used to analyze statistical

differences between values (BellCurve for Excel, Social Survey Research Information Co. Ltd.,

Tokyo, Japan).
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3.3 Results and discussion

3.3.1 Deformation characteristics
In the free compression test, both AD and WT specimens were flowed in the T-direction at
120 °C, while EB and OD specimens were not flowed (Fig. 3.5, 3.6). These findings suggest it was

possible that flow deformation was promoted by the extractives and moisture.

Fig. 3.5 Specimen in the free compression test: (a) before; and (b) after compression up to 113

MPa compressive stress.

. Before After
Specimens deformation deformation
v @ @b
WT ‘ m
= @ @
© @ @
7 -

10 mm
I >T

Fig. 3.6 Representative change in shapes of specimens before and after the free compression

test.
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In this compression test, AD showed the largest flow deformation compared to the other
specimens. Table 3.1 lists the wood density, extraction rate, initial MC of the specimens and
dimensional change for both the L- and T-directions together with specimens’ cross-sections. In the
cross-sectional area, AD was again the highest (average ca. 117 %) of all specimens with a
significant difference at 1 % level (Table 3.1). For AD, the dimensional change in the T-direction
was also the highest among specimens, whereas those in L-direction had no significant difference.
These dimensional values in the vertical direction of compression loading show the displacement
caused by flow deformation. The results suggest that the changes in the T-direction corresponded
strongly to flow deformation based on the wood anisotropy: the lower strength on T-direction than
L-direction. Yamashita et al. (2009) found that flow direction was mainly perpendicular to the fiber

orientation, which was in keeping with the findings.

Table 3.1 Wood density, extraction rate, moisture content (MC) and dimensional changes due to

free compression (mean + SD).

Wood Extraction Moisture Dimensional change %

Specimens density rate content Cross-section

L-direction* T-direction*

(glcm?3)* %* %* area*

AD 1.19+0.01° 8.24 £ 0.612 117.39 + 7.90¢ -0.52+1.212 97.45 +10.00°
WT 1.16 £ 0.01° 1.89+0.442 8.88+1.228 83.02 + 3.38° 3.54 + 4,542 66.06 + 24.24°
EB 1.01+0.03* 16.12+1.23" 8.69+0.112 1.01+1.202 -0.51+1.462 1.13+0.632
oD 1.14 +0.01° 1.15+0.862 0.61 £ 0.552 2.29 £0.852

*: Means with the same letter are not significantly different (Tukey-Kramer test, p < 0.01) (n = 5).

Figures 3.7a and 3.7b show the ot and &f values for each specimen, the stress and strain values
specialized at the flow-starting point. The of value indicates the stress value necessary to generate
flow deformation. AD showed the lowest value (average ca. 33.0 MPa) of all the specimens (Fig.
3.7a), while WT, EB and OD values were significantly higher. The &f value indicates the strain
required to initiate flow deformation. There was a significant difference between the non-extracted
specimens (AD and OD) and the extracted specimens (WT and EB) at 1 % level (Fig. 3.7b).

Figure 3.8 shows the maximum strain (em) values. The em value reflects the total displacement
by the loaded compressive stress, i.e., elastic deformation, densification deformation, and flow
deformation. Here, there were significant differences among all specimens at 1 % level: ca. 73 %
(AD), ca. 58 % (WT), ca. 28 % (EB) and ca. 10 % (OD) on average. The difference in the strain
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between emand & (Ae = em—ér), which indicated the displacement due to flow deformation, showed
a significantly high value in AD (ca. 58.4%) at 1 % level (Fig. 3.7b, 3.8). Although there was no
statistical difference among the values of other specimens, the variation depended on extractives
and moisture: ca. 21.2 % (WT), ca. 0.80 % (EB) and ca. 1.30 % (OD) (Fig. 3.7b, 3.8). Therefore,

it was suggested that extractives and moisture amplified flow deformation.
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0.0
AD WT EB oD
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Fig. 3.7 Stress and strain at flow-starting point. (a) Compressive stress at the flow-starting point
(o7). (b) Compressive strain at the flow-starting point (&). Means with the same letter are not
significantly different (Tukey-Kramer test, p < 0.01) (n = 5). Error bars represent standard

deviations.
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The ethanol/benzene extractives appeared to influence the deformation characteristics.
Young’s modulus (E) of specimens are shown in Fig. 3.9. The E values of WT and EB were
statistically similar to that of AD at the 1 % level, despite their average values being more than 2
times higher: 300.9 MPa (AD), 641.5 MPa (WT) and 999.6 MPa (EB). The wood density of EB
was lower than that of other specimens, whereas the MC of EB was also similar to those of AD
and WT (Table 3.1). This suggested that the ethanol/benzene soluble extractives likely increased
the elastic deformation of ABW. The of value in EB was the highest among all specimens, although
statistically equal to OD (Fig. 3.7a). The &f value in EB was higher than AD (Fig. 3.7b), although
the em value in EB was significantly lower than WT and AD with only 1 % of dimensional change
(Table 3.1, Fig. 3.8). The value of Ae in EB was also significantly lower than AD (Fig. 3.7b, 3.8).
These findings suggested that the ethanol/benzene soluble extractives helped promote the flow
deformation of ABW.

The significant improvement of wood plastic deformation by increasing resin content has been
reported previously (Shams et al. 2006; Seki et al. 2016a, 2016b, 2017). Wood extractives are
generally distributed in cell walls and intercellular layers, as well as in lumen. Therefore, the
presence of extractives potentially influences plastic deformation, despite their small amounts. In
this experiment, EB showed a significantly higher extraction rate than that of WT: 16.12 % (EB)
and 1.89 % (WT) on average (Table 3.1). The wood of EB was then significantly decreased due to
extraction as previously noted. The ethanol/benzene soluble extractives comprising over 16 wt%
of ABW heartwood (Table 3.1, Yin et al. 2018), apparently have a large impact on ABW

deformation characteristics.

The water-soluble extractives might also influence deformation characteristics. Dimensional
change in the cross-section of WT was significantly lower than that of AD: average ca. 83 % (Table
3.1). As shown in Table 3.1, both the wood density and the MC of WT was statistically equal to
those of AD. However, the or value in WT was higher than that of AD at 1 % level: average ca.
80.9 MPa (Fig. 3.7a). The value of Ac in WT was also significantly lower, as previously noted (Fig.
3.7b, 3.8). Furthermore, an increase of E in WT was observed though the value was not statistically
different from that of AD (Fig. 3.9). Therefore, the presence of water-soluble extractives also
contributed to promoting the flow deformation of ABW. These results might also indicate a positive
relationship between water-soluble extractives and the deformation loading required to generate

flow deformation.
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The moisture in wood also affected the deformation characteristics. As shown in Table 3.1,
flow deformation was not observed in OD, even though extractives were present with the similar
wood density to AD. The o value in OD was approximately three times higher than in AD (Fig.
3.7a), and Ae values were also lower than that of AD (Fig. 3.7b, 3.8). Furthermore, the E value of
OD was markedly higher than those of the others (Fig. 3.9). This suggested that the deformation
characteristics of ABW heartwood were affected by moisture. The moisture content significantly
influenced the elastic deformation of ABW in the test, and possibly amplified even plastic
deformation. Previous reports also noted that moisture contributed to wood-softening behavior, and
that wood flow deformation could be improved in proportion to the increase in MC (Yamashita et
al. 2009; Seki et al. 2016b). It is possible that the lower value of E contributed to densification
deformation and flow deformation, while the change in E depended on the moisture content of

specimens.
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Fig. 3.8 Maximum strain at the maximum load (em). Means with the same letter (a, b, c, d) are
not significantly different (Tukey-Kramer test, p < 0.01) (n = 5). Error bars represent standard

deviations.
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Fig. 3.9 Young’'s modulus (E) of specimens in the compressive fluidity tests. Means with the
same letter (a, b) are not significantly different (Tukey-Kramer test, p < 0.01) (n = 5). Error bars

represent standard deviations.

3.3.2 Temperature dependence of dynamic viscoelasticity

Table 3.2 presents the extraction rate and MC of specimens used for the DMA. The EB-
heartwood had a significantly high extraction rate (average ca. 11.3 %) compared to the other
specimens, including the EB-sapwood (average ca. 2.4 %). By contrast, the rates in the WT-
heartwood and sapwoods were similar. Therefore, the ethanol/benzene soluble extractives were
definitely concentrated in the heartwood. Meanwhile, the MCs of heartwoods (8-9 %) were a bit
lower than those of sapwoods (9-11 %), and the extractions showed no effect. The MC of EB-
sapwood was statistically equal to that of heartwood, which was significantly lower than those of
the other sapwood specimens. Extractives have been suggested to affect the sorption properties of
wood (Nzokou and Kamdem 2004; Hernandez 2007; Hashemi and Latibari 2011), and the removal
of extractives could result in an increase in swelling-shrinkage behavior (Mantanis et al. 1994,
1995; Adamopoulos and Voulgaridis 2012). Water-soluble extractives have been reported not to
affect to wood sorption properties (Adamopoulos and Voulgaridis 2012; Jankowska et al. 2017).

The results did not show any clear effects of the extractives on the sorption properties of ABW.
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Table 3.2 Extraction rate and MC of specimens in the dynamic mechanical analysis (mean = SD).

Extraction Rate %* Moisture Content %*
Specimen
Heartwood Sapwood Heartwood Sapwood
AD 8.01 +0.732 10.83 £ 0.76°
WT 2.17 £ 0.782 3.67 +1.342 8.83 + 0.842 10.52 £ 0.59°
EB 11.32 £ 3.54b 2.36 £ 1.242 8.72 + 0.502 9.13 + 0.642

*: Means with the same letter are not significantly different (Tukey-Kramer test, p < 0.01) (n = 5).

Figure 3.10 shows the temperature dependence of the dynamic viscoelastic parameters of AD,
WT, EB and OD specimens. The curves of heartwood specimens (AD, WT and EB) were obviously
shifted toward flattened curves in a range over 50 °C due to the extractions, whereas the curves of
sapwoods were not shifted. In addition, the differences of the curves between AD and OD showed
the effect of moisture on the parameters, the curves of OD indicated the thermal behavior of
extractives. Amorphous polymers such as lignin and hemicellulose generally influence the
temperature dependence of dynamic viscoelasticity in wood, with variable performance related to
MC (Takamura 1968; Furuta et al. 2008, 2014). In this experiment, the modulus of transverse
elasticity obtained by the DMA depended on the extractives and moisture, and were relevant to the

flow deformation characteristics.

The G’ values of all heartwood specimens overlapped over 200 °C (Fig. 3.10a). From -50 °C
to 120-130 °C, AD, WT and EB heartwood specimens showed a similar pattern of curves, with a
sharp decrease after 50-60 °C, they were overlapped over 120-130 °C. In addition, OD showed
the similar pattern to other specimens with the highest value of all the specimens, however it
overlapped over 200 °C. This trend coincided with the increase of Young’s modulus in free
compression test as described in Fig. 3.9. By contrast, all G’ curves overlapped from -50-250 °C
in the sapwood specimens. Different trends of G’ curves were found between heartwood and
sapwood in the range of 50 °C to 120-130 °C. Multiple inflection points could be clearly observed
in both specimens of AD-heartwood and OD-heartwood, but the AD-sapwood specimens exhibited

a single inflection point in this range.

The increase in G and tand generally indicate an increase in the viscosity of a material, which
might be related to deformation characteristics. Since the large flow deformation in the AD-
heartwood was noted, the results suggested that the patterns of G and tand curves are correlated
with flow deformation in regard to the extractives and moisture, as discussed above (Figs. 3.6, 3.7,
3.8a, Table 3.1). The G curves showed that the AD-heartwood had multiple shoulder peaks, and
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higher peak values in the range of 50-150 °C, suggesting that the viscosity of AD-heartwood was
also increased, because the rapid increase of tand was simultaneously observed in this range (Fig.
3.10a). Although the similar patterns were observed in the curves of WT- and EB-heartwood, the
values were decreased by the extraction. The G ” curve of EB-heartwood shifted almost overlapped
that of sapwood specimens (Figs. 3.10a, 3.10b). The curves of sapwood specimens did not shift
through the extractions with lower values in the range. As a result, sapwood might not show flow
deformation like EB-heartwood in the free compression test. In addition, the potential of flow
deformation under other temperatures was also assumed based on the curves of G and tand. The
flow deformation of ABW heartwood was observed at 120 °C in this experiment (Figs. 3.5, 3.6).
The results in Fig. 3.10a suggest that the AD-heartwood potentially flowed under temperatures
lower than 120 °C due to the significant increase in G” and tano in the range over 50 °C. Lower
temperature should be useful not only for preserving the original mechanical properties but also for

controlling viscosity in the mold.

Extractives were suggested to affect the softening temperature of the wood, which has
particularly large amounts of ethanol/benzene extractives, like those reported in Pao rosa (Swartzia
fistuloides) (Matsunaga and Minato 1998). The sharp increases of G” and tand in the AD-
heartwood at 50-80 °C might indicate the softening behavior of extractives. The curves G’ and
tano in OD-heartwood suggested that the heartwood extractives showed the multiple peaks in the
ranges of 50-100 °C and 150-210 °C, the values of G’ and tan¢ in 100-150 °C were also affected
by MC (Fig. 3.10a). Although all the tano curves of heartwoods were essentially overlapped in the
range under 50 °C, the sharp increase of tano showed the significant increase of G in the range of
50-100 °C. This suggested the ethanol/benzene-soluble extractives were softened in the range over
50 °C. Furthermore, these parameters in the temperature ranges might be affected by amorphous
polymers such as hemicellulose, which absorbed moisture. Since the E value of OD was
significantly higher than that of AD in the free compression test (Fig. 3.9), the moisture potentially
influenced physical properties of amorphous polymers in ABW heartwood. The curves of WT-
heartwood also suggested that the water-soluble extractives affected the dynamic viscoelasticity of
AD-heartwood (Fig. 3.10a). The water extraction resulted in ca. 30 % reduction in the G value of
WT-heartwood at 120 °C, and the static parameters of WT-heartwood were statistically different
from those of AD-heartwood (Figs. 3.7, 3.8). This trend was observed only in the heartwood
specimens, even though the extraction rate in WT-sapwood was same as that of the WT-heartwood

(Table 3.2). Although further studies are needed to identify the effect of water-soluble extractives,
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it was assumed that some extractives were duplicated by the ethanol/benzene extraction due to the

similarity of solubility parameters between ethanol and water (IUPAC, 2014).
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Fig. 3.10 Temperature dependence of the dynamic viscoelasticity among extraction treatments

in (a) heartwood and (b) sapwood specimens.

3.5 Conclusions
The application of wood flow forming techniques in ABW could contribute to developing the

effective utilization of wasted ABW timbers in the local forest sector. The present study
demonstrated the deformation characteristics of air-dried ABW heartwood via the free compression
test. The air-dried heartwood of ABW flowed at 120 °C, our findings suggested that the extractives

in heartwood definitely resulted in flow deformation. The flow deformation depended mainly on
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the ethanol/benzene-soluble extractives, which were highly concentrated in the heartwood. The

ethanol/benzene-soluble extractives were suggested to be softened at temperatures over 50 °C. The

DMA results indicated that the increase in G and tand were strongly related to flow deformation

in the free compression test, thus the potential of flow formation at other temperatures was also

assumed in the DMA. The flow deformation of ABW also depended on MC, although the oven-

dried heartwood did not flow even with the presence of extractives. The MC affected mechanical

properties, and an increase in MC might result in flow deformation. Consequently, our findings

suggest the possibility that wood flow forming might contribute to further utilization of ABW

timbers wasted in local sawmill factories.
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3.7 Appendices
Appendix 3.1 Representative microscopic images of specimens after free compression

test. a: Tangential section; b: Cross section.

Appendix 3.2 Representative microscopic images of ABW heartwood specimens.
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Appendix 3.3 Representative strain-stress curves in free compression test.
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Appendix 3.4 Strain-stress curves of AD-specimens in free compression test (n = 5).
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Appendix 3.5 Strain-stress curves of WT-specimens in free compression test (n = 5).
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Appendix 3.6 Strain-stress curves of EB-specimens in free compression test (n = 5).
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Appendix 3.7 Strain-stress curves of OD-specimens in free compression test (n = 5).
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CHAPTER 4
CHALLENGES FOR PROMOTING SUSTAINABLE FOREST
UTILIZATION: BIOLOGICAL PERFORMANCE OF LOCAL TREES

To achieve sustainable utilization of African Blackwood (ABW: Dalbergia melanoxylon), the
suitable forest management is necessary for producing high-quality trees in local forests. Biological
performance of timbers is a useful parameter to expand the potential utilization, especially in case
of tropical species. In Chapter 4, the biological performance of ABW and other local Tanzanian
species was studied to collect preliminary data for developing further uses for these local timbers.
Five local species, including ABW, were exposed to both subterranean termites (Coptotermes
formosanus) and two wood decay fungi (White rot fungus (Trametes versicolor) and Brown rot
fungus (Fomitopsis palustris)) according to Japanese standard test methods. The heartwood of
African Blackwood had high durability against both termite and fungal attacks, as well as the
highest air-dried density of all test species. Some species also indicated a higher durability, even
though they had a lower density than that of ABW heartwood. The results showed the importance
of heartwood extractives in terms of biological performance for the local Tanzanian timbers. It was
suggested that ABW heartwood was clearly useful as a high-durability material in addition to
current major applications. The potential of the other local species was also suggested in terms of
further timber utilization. These results presented fundamental information about sustainable forest

management based on the effective utilization of local timbers.

4.1 Research objective

The main object in this chapter was to evaluate the natural resistance of Tanzanian local tree
species to biological attacks (termites and wood decay fungi). The natural resistance of ABW might
be a key aspect in terms of understanding the growth traits of high-quality timbers that are relevant
to the extractives concentrated during the heartwood formation. However, there is little information

about the biological performance of ABW and other co-existing species that exist in local forests.

Species having high biological performance are potentially useful for developing the further
timber utilization, which can create the extra benefit through the local forestry. The ABW trees co-
exist with other local species, e.g., Acacia nigrescens, Afzelia quanzensis, Pterocarpus angolensis,
Millettia stuhlmannii, and Combretum spp. (Nakai et al. 2019, Table 2.1, Fig. 2.4). Both Af.
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quanzensis and P. angolensis grow throughout the deciduous broadleaf savannas and Miombo
woodlands in eastern and southern Africa (Cunningham 2016). These wood species have also been
regarded as an economically important species for local communities through industrial use as
furniture or building materials. Millettia stuhImannii and Ac. nigrescens are similarly useful as

timber materials, both in terms of their color and grain patterns, as well as their wood properties.

To conserve a healthy forest, i.e., not only the target species (ABW) but also the surrounding
local trees, it must be managed and utilized effectively. Further effective utilization of the local
trees is necessary for the sustainable development of local communities. Therefore, local Tanzanian
species were selected for the comparative study, each biological performance was evaluated based
on fundamental wood physical/chemical parameters. The results preliminary contribute not only to
achieving sustainable forest conservation and management of ABW trees for musical instruments,

but to also promote the local community forestry efforts through further utilization.

4.2Materials and methods

4.2.1 Wood specimens

Wood specimens were prepared from five Tanzanian local species: Dalbergia melanoxylon
(ABW), both heartwood and sapwood; Afzelia quanzensis (AQ), heartwood; Pterocarpus
angolensis (PA), heartwood; Millettia stuhlmannii (MS), heartwood; and Xeroderris stuhlmannii
(XS), heartwood. These are common species in the miombo woodlands of the Kilwa District, Lindi
Region, Tanzania. In addition, the sapwood of a Japanese local species, Cryptomeria japonica (CJ),
was selected for usage as a control sample (as shown in Table 1) (Ohmura et al. 2011). Due to the
original ratio of sapwood found in the ABW logs, the sapwood samples of ABW were prepared
with 10 vol% to 15 vol% of heartwood. All specimens (5 specimens per each species for termite
test; 9 specimens per each species for decay test) were cut from air-dried timber that was maintained
for longer than 3 months at room temperature. The air-dried weight of each specimen was measured
via an electronic scale (GH-252, A&D Company Ltd., Tokyo, Japan), and the dimensions were
measured via a digital caliper (CD-15CP, Mitutoyo Corp, Kawasaki, Japan) in order to calculate

the air-dried density before exposure to biological tests.
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Table 4.1 List of the wood species selected for the comparison tests and their sampled sections

(HW: heartwood; SW: sapwood).

Local name Scientific name Family Sampled Section | Abbreviation
Heartwood ABW-HW
Mpingo Dalbergia melanoxylon Fabaceae
Sapwood ABW-SW
Mkongo Afzelia quanzensis Fabaceae Heartwood AQ-HW
Mpangapanga Millettia stuhlmannii Fabaceae Heartwood MS-HW
Mninga jangwa | Pterocarpus angolensis Fabaceae Heartwood PA-HW
Mlondondo Xeroderris stuhlmannii Fabaceae Heartwood XS-HW
Sugi* Cryptomeria japonica Cupressaceae Sapwood CJ-sw

* Not a local Tanzanian species but the control species as a reference.

4.2.2 Wood chemical analysis

Ash, extractives and holocellulose were determined according to the referenced procedures
with minor modifications (Japan Wood Research Society 2000; Hamada et al. 2018). Each
specimen (ABW-HW, ABW-SW, AQ-HW, MS-HW, PA-HW and XS-HW) was powdered via an
electric grinder (Vita-Mix Blender, Osaka Chemical Co. Ltd., Osaka, Japan). 60-mesh pass wood
powders were oven-dried at 105 °C for over 24 h prior to the analysis processes. 5 replicates were

provided for each analysis.

4.2.2.1 Extractives content

Water extraction process was performed as follows. 10 g of dried wood powder (Wo) was
soaked in 150 mL of distilled water using a sealed Erlenmeyer flask. The soaked powder is stirred
for 10 min. in the water bath at 45 °C with ultrasonic treatment (Branson 5510JDTH, Yamato
Scientific Co., Ltd., Tokyo, Japan), and then kept in the controlled chamber at 45 + 5 °C for 48 h.
Ethanol/benzene extraction was performed as follows. 10 g of dried wood powder was put into the
cylindrical filter paper (86R Thimble Filter, Advantec Toyo Kaisha, Ltd., Tokyo, Japan), and
extracted in Soxhlet extractor using the mixture solvent of ethanol (99.5 %) and benzene (1:2 v/v)
at85 x5 °C, for 6 h.
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After the extraction, the extracted wood powder was oven-dried at 105 °C for over 24 h to
measure the extracted weight (We) with the electric scale. The extraction rate was calculated by

equation 4.1 using Wo and We;

Extraction rate = % % 100 (%) 4.1)
0

4.2.2.2 Holocellulose content

2.0 g of ethanol/benzene soluble extractive-free wood powder (Wo) was put into a 300 mL
flask. 150 mL of distilled water, 1.0 g of sodium chlorite and 0.2 mL of acetic acid were added into
the flask. The mixture was heated in a water bath at 75+ 5 °C after agitation for 1 min., the flask
was lightly closed by a glass-board. The mixture was maintained at the heating temperature for 1
h, and 1.0 g of sodium chlorite and 0.2 mL of acetic acid were added and agitated again. This
addition was repeated after each hour during 3 additional hours until when the wood sample became
completely white. The mixture was cooled under 50 °C, the white residue of holocellulose was
filtered on a glass filter (1GP16, Shibata Scientific Technology Ltd., Saitama, Japan) on a Blichner
funnel, washed successively with distilled water and acetone. Then, the washed residue was dried

at 105 °C to constant weight (Wn). The holocellulose content was calculated as follows:

Holocellulose = % % 100 (%) 4.2)
0

4.2.3 Termite test

The termite test was conducted as a no-choice feeding test, according to JIS K 1571:2010
(2010), using the subterranean termite, Coptotermes formosanus. A wood sample measuring 20
mm (L) x 10 mm (R) x 10 mm (T), was placed on the plaster bottom of a cylindrical acrylic
container (60 mm in height and 80 mm in external diameter) with a plastic mesh sheet (Fig. 4.1).
A total of 150 mature C. formosanus workers and 15 C. formosanus soldiers were obtained from a
laboratory colony maintained in the Deterioration Organisms Laboratory (DOL) at the Research
Institute for Sustainable Humanosphere (RISH), Kyoto University, and introduced into the test
container with 5 replicates for each species. The assembled containers were placed on a water-
moistened cotton pad and kept at a temperature of 28 + 2 °C and a relative humidity (RH) greater
than 80 % for 3 weeks in the dark. The mass loss of each test specimen was calculated from the
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difference of the oven-dried weights before and after the test at 60 + 2 °C for 48 h. The termite
mortality and consumption rates were also calculated after the test period. The wood consumption
rate, i.e., the total amount of the sample eaten by an individual worker per day, was determined
from the mortality and mass loss, according to the assumption that the mortality of the workers
developed linearly during the test period. The value was calculated based on the following

equation:

WL/P/Nj

®ND/ Jy [(F5E )Ny | e

Wood Consumption Rate = (4.1)

where W is the mass loss of wood specimen, P is the test period, N; is the number of introduced
workers before the test period, and Ns is the number of survived workers. Furthermore, starvation

controls were also prepared to discuss toxicity or/and repellency extractives.

80 mm

Cylindrical acrylic
/ container
Wood Specimen
r __’ﬁ/___——— Plastic mesh

™~ Plaster bottom
\

60 mm

Moistened cotton

Fig. 4.1 Experimental set-up for no-choice termite feeding test.

4.2.4 Decay test

The decay test was conducted according to JIS K 1571:2010 (2010), with a specimen size of
10 mm (L) x 10 mm (R) x 20 mm (T). Three specimens were exposed to a monoculture of either
Trametes versicolor (COV), a white rot fungus, with an accession number of FFPRI 1030, or
Fomitopsis palustris (TYP), a brown rot fungus, with an accession number of FFPRI 0507 in a
glass jar at a temperature of 26 + 2 °C for 12 weeks in the dark (Fig. 4.2). The accession numbers
were associated with the Forestry and Forest Products Research Institute, Tsukuba, Japan. Three
decay jars were prepared with 9 replicates for each species. The percent mass loss of each specimen

was calculated according to the same procedure described in the termite test.
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Fig. 4.2 Wood Specimens after 12 weeks exposure of decay tests. Left: Trametes versicolor

(COV), Right: Fomitopsis palustris (TYP).

4.2.5 Statistical analysis
The results from the biological tests were compared via the Tukey-Kramer test at 5 % critical
difference (BellCurve for Excel, Social Survey Research Information Co. Ltd., Tokyo, Japan), in

order to analyze the resistance of the samples to each biological attack.

4.3 Results and discussion

4.3.1 Air-dried density of the wood specimens

Table 4.2 shows the mean air-dried density of each specimen used in the present experiment.
The densities of all the Tanzanian species were 2 to 3 times higher than the control specimen, CJ-
SW. Of all species samples, ABW-HW had the highest density (ca. 1.3 g/cm?3), with a significant
difference from ABW-SW at the 5 % level. There was no significant difference between ABW-
SW and the other 3 species, AQ-HW (p = 0.1290), MS-HW (p = 0.9018), and PA-HW (p = 0.8705).
Furthermore, there was no statistical difference among the other 3 species. In contrast, although
the density of XS-HW was relatively lower than those of the other Tanzanian species, it was also
statistically the same as AQ-HW, MS-HW, and PA-HW at 5 % level.
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Table 4.2 Average air-dried density of each species before exposure to the biological tests (mean

+ SD).

Air-dried Density

Species
(g/cm3)*
ABW-HW 1.30 £ 0.014
ABW-SW 0.96 + 0.05°¢
AQ-HW 0.80 + 0.04b¢
MS-HW 0.90 + 0.04¢°
PA-HW 0.90 + 0.03%°
XS-HW 0.76 £ 0.03°
CJ-swW 0.35+0.022

* Means with the same letter are not significantly different (p < 0.05) following Tukey-Kramer test (n = 14).

4.3.2 Wood chemical parameters

Table 4.3 shows wood chemical parameters of each species. The water-soluble extractives in
ABW-HW was lower than other local species including ABW-SW, however the value in
ethanol/benzene soluble extractives indicated the highest of all species (ca. 25.6 %), which was
much higher value than those of the other hardwood species (Hamada et al. 2018). By contrast,
ABW-SW showed significant low value in ethanol/benzene soluble extractives (ca. 1.6 %). The
value of holocellulose in ABW-SW was the highest of all species (ca. 71.5 %), whereas the value
in ABW-HW was ca. 51 %, that was statistically similar to the other dark-colored heartwoods (AQ-
HW, MS-HW and PA-HW) at 5 % level. It was suggested that the chemical component of ABW-
HW was quite different from ABW-SW, ABW-SW contained much water-soluble extractives such

as hemicellulose and monosaccharide.

AQ-HW indicated the highest value in water soluble extractives (ca. 23 %) of all the species,
both MS-HW and PA-HW also indicated the higher value than that of ABW-HW (MS-HW: ca.
17.6 %; PA-HW: ca. 18.2 %). Although AQ-HW indicated the second highest value in
ethanol/benzene soluble extractives of all the species, both values in MS-HW and PA-HW were
comparatively lower than other heartwoods (MS-HW: ca. 3.4 %; PA-HW: ca. 8.3 %). In case of
these species, the holocellulose contents were not significantly different from that of ABW-HW at
5 % level. Therefore, the extractives of these species (AQ-HW, MS-HW and PA-HW) were mainly
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comprised of water-soluble chemicals, moreover the higher density of ABW-HW might depend on

the higher content of ethanol/benzene soluble extractives (Table 4.2, Table 4.3).

The chemical component of XS-HW was different from other heartwood species, and it
indicated the similar trend to ABW-SW. XS-HW contained ca. 13.4 % of water-soluble extractives,
however the content of ethanol/benzene extractives was only ca. 0.6 %, which was the lowest value
of all the species including ABW-SW (Table 4.3). In addition, the content of holocellulose in this
species was comparatively higher than those of the other heartwoods (ca. 63.8 %). Therefore, the
chemical properties of XS-HW was similar to ABW-SW, and there might be no difference from

the sapwood part in terms of chemical properties as well as biological performances.

Table 4.3 Wood chemical parameters of each species (mean + SD).

Ethanol/Benzene-
Water-soluble
Species soluble extractives
extractives %*
%*

Holocellulose %*

ABW-HW 13.33+0.722 25.56 + 3.73¢ 50.98 + 6.162
ABW-SW 16.74 £ 0.212 1.57 £0.402 71.53 + 3.26°
AQ-HW 23.40 £2.78° 15.33 £1.69°¢ 51.41+1.162
MS-HW 17.59 + 1.82° 3.42 +1.032 58.68 +6.172
PA-HW 18.24 + 1.48P 8.25 + 0.54° 57.63 £0.772
XS-HW 13.42 + 0.542 0.64 £0.122 63.84 + 2.41°

* Means with the same letter are not significantly different (p < 0.05) following Tukey-Kramer test (n = 5).

4.3.3 Termite resistance

The mortality rates of both the worker and soldier termites after the 3-week forced-feeding
tests are shown in Fig. 4.3. The mean mortality rates for sample CJ-SW (the control) were 23.5 %
for the workers and 46.7 % for the soldiers. The starvation control had a 38.3 % mean mortality
rate for the workers and a 100 % mortality rate for the soldiers. The mean mortality rate of the
workers for sample ABW-HW was 27.1 %, which was comparable to sample CJ-SW, but was
significantly lower than that of the starvation control. For sample ABW-SW, the 22.9 % mean
mortality rate of the workers was not significantly different from sample ABW-HW, but the
mortality rate of the soldiers was significantly lower than sample ABW-HW (97.8 % in ABW-HW
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and 80.0 % in ABW-SW). They were also significantly different from sample CJ-SW (p < 0.05).
Three heartwood specimens (AQ-HW, MS-HW, and PA-HW) showed similar mortality rates to
the starvation control without significant difference. The mortality rates of heartwood specimen,

XS-HW, were statistically equivalent to sample CJ-SW (23.3 % for the workers and 38.7 % for the
soldiers).

120%

m Worker
m Soldier

c c C c
b
a
a
c C
bc c
a
a a

ABW-HW ABW-SW AQ-HW MS-HW PA-HW XS-HW  CJ-SW Starvation
Control

100%

80% I

60%

Mortality Rate*

40%

20%

0%

Wood Species

Fig. 4.3 The mortality rates of the workers and soldiers after the 3-week forced-feeding test with
Coptotermes formosanus (mean + SD) (n = 5). *Means with the same letter are not significantly

different (p < 0.05) following Tukey-Kramer test.

Table 4.3 showed both the mass losses and the wood consumption rates in the termite tests.
Sample ABW-HW had a mean mass loss value of 29.7 mg, which was significantly different from
sample ABW-SW (119.2 mg). This value was statistically similar to the values for samples AQ-
HW, MS-HW, and PA-HW (p < 0.05), although sample MS-HW had the lowest mean value among
all species (19.6 mg). In contrast, there was no statistical difference between sample ABW-SW and
sample XS-HW. Regarding the wood consumption rate of each species, a worker consumed 10.7
ug/day of sample ABW-HW, which was similar to the rates of samples AQ-HW, MS-HW, and
PA-HW. All of the data for sample CJ-SW were significantly different from all the other species
at the 5 % level.
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Table 4.4 Mass Loss and Consumption Rate during the Termite Test (mean + SD).

Species Mass Loss Consumption Rate
(mg)* (Mg/termite/day)*
ABW-HW 29.67 £ 5.20? 10.72 + 2.022
ABW-SW 119.17 + 17.78° 42.73 + 6.82°
AQ-HW 48.80 + 7.922 18.57 + 2.70?
MS-HW 19.60 + 4.342 7.73 + 1.542
PA-HW 29.20 + 5.40? 11.56 + 1.83?
XS-HW 128.40 + 49.39° 45.64 + 15.86°
CJ-SwW 177.80 + 43.24°¢ 63.82 + 15.07°

* Means with the same letter are not significantly different (p < 0.05) following Tukey-Kramer test (n = 5).

The mortality rate of the workers for sample ABW-HW was significantly lower than the rates
of samples MS-HW, PA-HW, and the starvation control (as shown in Fig. 4.3). However, the
consumption rate of sample ABW-HW was statistically equivalent to the rates of samples MS-HW
and PA-HW (as shown in Table 4.4). It has been suggested that the resistance of wood to termite
attacks can be attributed to the density of the wood specimens, which is generally related to wood
hardness (Acanakwo et al. 2019). It was confirmed in this experiment that the low-density species
(samples ABW-SW and XS-HW) yielded a higher total mass loss over the high-density species
(samples ABW-HW, AQ-HW, MS-HW, and PA-HW) when subjected to termite attacks (as shown
in Table 4.2 and Table 4.4). Although the air-dried density of sample ABW-SW was approximately
0.96 g/cm? (as shown in Table 4.2), due to the heartwood portion mentioned above, the density of
ABW-SW had been previously been reported by Malimbwi et al. (2000) as ca. 0.75 g/cm?®, which
was comparable to the XS-HW specimens. The heartwood of Xeroderris stuhlmannii is susceptible
to insect attack, especially from powder-post beetles (Lemmens 2007). Since worker termites
primarily attacked the sapwood portion of the ABW-SW sample in the test, both the mass loss and
the consumption rate for the ABW-SW sample was not different from the low-density wood species,
which included the CJ-SW sample, despite its higher density (Table 4.4).

The density of sample ABW-HW (1.30 g/cm®) was much higher than those of the other species
samples (Table 4.2); however, the mortality rate of the workers was significantly lower than the
mortality rate in samples MS-HW, PA-HW, and the starvation control (Fig. 4.3). The value was
also statistically equivalent to samples ABW-SW, XS-HW, and CJ-SW, but the mortality rate of
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the soldiers was significantly higher (Fig. 4.3). Workers generally provide nutrition to the soldiers;
thus, the difference in soldier mortality rates could indicate a difference in the feeding activities of
the workers. Since the mortality rates of the workers and the soldiers in samples MS-HW, PA-HW,
and AQ-HW were similar to the mortality rates of the starvation control (Fig. 4.3), it was likely
that termite feeding activities against these species was low. The feeding mass of sample ABW-
HW did not differ from the feeding mass in the other wood species (Table 4.4). These results
suggested that other factors, e.g., the wood extractives, played a role in the biological performance

of the tested wood samples.

The biological activity of various wood extractives had been previously reported (Ohmura et
al. 2000; Mburu et al. 2007; Borges et al. 2008; Tascioglu et al. 2013). In particular, the high anti-
feedant effects of some flavonoids, which included taxifolin and quercetin, against C. formosanus
had been demonstrated (Ohmura et al. 2000). Other flavonoids, e.g., polyphenols, isoflavonoids,
and neoflavonoids, had also been obtained from Fabaceae trees, which included the Dalbergia and
Pterocarpus species (Seshadri 1972; Sekine et al. 2009; Yin et al. 2018), and their resistance
against termites and fungi had been determined with laboratory tests (Sekine et al. 2009).
Considering these facts, the higher mortality rates of the MS-HW and PA-HW samples could be
dependent on the presence of these extractives. In addition, according to the results of wood
chemical analysis, both MS-HW and PA-HW indicated the lower content of ethanol/benzene
soluble extractives than ABW-HW, whereas the water-soluble extractives were obtained in larger
amount than ABW-HW as previously noted (Table 4.3). Some flavonoids studied previously
belongs to the ethanol/benzene-soluble extractives. Therefore, the anti-feedant effects of ABW-
HW might depend on the limited compounds which were similarly contained in MS-HW and PA-
HW. Furthermore, some compounds of water-soluble extractives potentially affect the termite

feeding activity.

4.3.4 Decay resistance

Figure 4.4 showed the percent mass losses of the wood species after exposure to COV and
TYP for 12 weeks. The mass loss values of sample ABW-HW, after exposure to both fungi, were
the lowest among all tested species, and the mass loss values of samples MS-HW and PA-HW were
also lower compared to those of the other tested species. The mass loss caused by COV in sample
ABW-SW was significantly higher than the mass loss in samples ABW-HW and MS-HW, but it
was not significantly different from samples AQ-HW and PA-HW. In the case of TYP, the mass

91



loss values of samples ABW-HW and MS-HW were the lowest among all the tested species,
although they were not statistically different from samples ABW-SW, AQ-HW, and PA-HW. In
contrast, the mean mass loss values of sample XS-HW were significantly higher than those of other
tested Tanzanian species (20.8 % in COV and 34.4 % in TYP on average) but were similar to the

mean mass loss values of sample CJ-SW in TYP ata 5 % level.

According to the results of the decay tests, the decay resistance of the tested wood specimens
was concluded to be similarly attributed to both wood properties, i.e., the density and the chemical
component in particular the extractives content. It was reported that higher density wood species
typically decayed more slowly than lower density species (Chambers et al. 2000). It had been
suggested that the influence of the heartwood extractives on the durability of the wood went beyond
their fungicidal properties. The possible functions of the extractives against fungal colonization
included an antioxidant effect (Schultz and Nicholas 2000). Some extractives found in samples
ABW-HW, MS-HW, and PA-HW could strongly affect their durability against decay fungi. By
contrast, the decay resistance of XS-HW was significantly inferior to other species. The mass loss
was also much higher than the other sapwood, ABW-SW (Fig. 4.4). As previously noted, the
chemical component of XS-HW was clearly different from other heartwood species, and it was
similar to that of ABW-SW (Table 4.3). Therefore, the low resistance of XS-HW might result in

some different compounds from ABW-SW.
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Fig. 4.4 Mass loss percentages of the tested wood specimens after 12-week exposure to COV
and TYP (mean = SD) (n = 9). * Means with the same letter are not significantly different (p < 0.05)

following Tukey-Kramer test.
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4.3.5 Biological performance of the test species

Consequently, high biological performance in the heartwood of African blackwood
(Dalbergia melanoxylon) was found in this experiment, while the sapwood was significantly less
resistant to termite and fungal attacks. The performance of ABW-HW was relatively superior to
the other Tanzanian wood species, which could be strongly related to the high concentration of
extractives found in the wood. Since the volume percentage of heartwood in the ABW logs had
been estimated at over 80 %, the durability of the heartwood made a large contribution to the natural

biological resistance of this species (Malimbwi et al. 2000).

The extractives found in ABW-HW were reported to be different from those of other
Dalbergia species, as well as at higher concentrations, which would contribute to the advantages
of ABW as a material (Yin et al. 2018). The flavonoids including neoflavonoids, e.g., melanoxin,
have been previously isolated from the extractives of ABW heartwood (Donnelly et al. 1969;
Donnelly and O’reilly 1975), and Amri and Juma (2016) confirmed the antimicrobial potential of
the extractives from the stem bark of ABW with the presence of flavonoids. In addition, the
heartwood of both Pterocarpus angolensis (PA) and Millettia stuhlmannii (MS) showed a higher
level of termite resistance than ABW-HW displayed. These woods are widely utilized for
construction or furniture in African countries, e.g., Tanzania and Mozambique. Afzelia quanzensis
(AQ) is also commercially harvested and utilized in these countries (Cunningham 2016). It was
suggested that such local timbers could be further utilized and applied to a broad range of global
demands, particularly MS and PA, as materials for situations requiring high durability, e.g., for
exterior products.

The construction of a sustainable forestry system based on the local community is a key
concept for the future of forestry. Useful trees, such as ABW, are now becoming the main sources
of profit in local forestry, in addition to the current charcoal and fuel-wood production (Miya et al.
2012). Therefore, the cultivation of high-quality trees that can meet the present market demand is
necessary to achieve a sustainable forest. To cultivate such valuable trees, co-existing trees should
be systematically harvested together with the target trees under a sustainable forestry system.
Furthermore, the timbers also should be utilized efficiently to improve the timber yield. In the
present findings, the potential of Tanzanian local species, including the ABW tree as well as other

co-existing trees, was shown to support the local community via sustainable forestry.
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4.4. Conclusions

The heartwood of African Blackwood (Dalbergia melanoxylon) was shown to have strong
biological performance, whereas the sapwood was remarkably less resistant to termite and fungal
attack. The results suggested that ABW-HW was clearly useful as a high-durability material such
as an exterior material, in addition to its current major applications. Wood density was strongly
related to the biological performance. The high-density species showed a higher durability than the
low-density species. Furthermore, the contribution of heartwood extractives to the durability of the

test species was also suggested through the biological tests.

The high resistance in other local species was found in the biological tests. The heartwood of
Millettia sthulmannii and Pterocarpus angolensis especially showed a higher biological
performance than that of the heartwood of D. melanoxylon. The high biological performance of
other Tanzanian species could be useful for developing the further timber utilization in the local

community forestry.
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4.6. Appendices
Appendix 4.1 Wood samples after exposure to termite test.
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Appendix 4.2 ABW-HW samples after exposure to decay test.
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Appendix 4.2 ABW-SW samples after exposure to decay test.
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Appendix 4.3 AQ-HW samples after exposure to decay test.
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Appendix 4.4 MS-HW samples after exposure to decay test.
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Appendix 4.5 PA-HW samples after exposure to decay test.
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Appendix 4.6 XS-HW samples after exposure to decay test.
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Appendix 4.7 CJ-SW samples after exposure to decay test.
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CHAPTER 5
GENERAL CONCLUSIONS

These studies indicated the potential of African Blackwood (ABW) to be a valuable tree
species in local community forestry. As mentioned above, the utilization of ABW strongly depends
on the musical instrument industry; thus the followings must be realized in order to achieve a
sustainable forest: (1) continuous cultivation of high-quality timber meeting the requirements for
the woodwind production process; and (2) efficient usage of present stock resources. The

conclusions in this study contribute to the achievability of these tasks.

According to the results of Chapter 2, ABW trees can survive under various environmental
conditions. Growth form including tree appearance, was strongly affected by surrounding
vegetation and soil conditions, whereas the physical properties of standing trees were hardly
affected by such environmental factors. The conclusions in this chapter study indicated that the
cultivation of high-quality ABW trees was fundamentally possible by managing tree appearance.
Various factors can affect tree appearance in natural forest. In general, species composition in
natural forest is strongly related to topography and human activities, such as forest fire.
Topographic characteristics tend to influence the soil conditions and human activities including log
harvesting cause forest disturbance. Although the effects of forest fire, which can seriously disturb
forest condition, were not studied in the survey, they would affect timber quality. Further study
should focus on controlling forest disturbances in terms of establishing suitable forest management

system including both fire control and harvesting plans.

In Chapter 3, the potential of wood flow forming was indicated to efficiently use wasted ABW
timbers. Since most timbers are normally wasted in the material production process, the results
could contribute to the development of another industry, in addition to improving the current usage
efficiency of ABW timbers. In particular, the air-dried ABW heartwood could be flowed without
any resin impregnations due to highly concentrated extractives. It was suggested that wasted ABW
timbers might be used and molded as valuable products, such as parts for musical instruments, by
installing a simple production process. In the present production process of woodwinds, the larger
volume of high-quality timber is required for the bell parts. Molding of the parts could greatly
improve timber usage, and such valuable production would have a significant impact on local
industry. Wood flow forming can mold three-dimensional products from bulk wood by plastic flow

deformation, and the molding process is flexible against shapes of bulk wood. Since the shapes of
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wasted timber in sawmill factories are absolutely varied, it is quite difficult to use them for other

new products. Wood flow forming can address such issues.

In Chapter 4, the biological performance of ABW and other local species were clarified in the
laboratory tests. The high performance of the species demonstrated its potential for uses beyond
current practice. While the performance of ABW heartwood was higher than the other species,
some local species, such as Millettia sthulmannii and Pterocarpus angolensis, showed an even
higher biological performance than ABW heartwood. The high performance of ABW heartwood
makes it especially useful for new products made from wasted timbers by wood flow forming.
High-durability materials are required for woodwinds due to challenging operating conditions (e.g.,
very wet conditions inside the wooden tube). Both Millettia sthulmannii and Pterocarpus
angolensis, which co-exist with ABW trees in local forest, could contribute to promoting local
forestry in terms of increasing valuable species in addition to ABW. Furthermore, systematic

harvesting could improve forest conditions focusing on the cultivation of high-quality trees.

Consequently, the obtained results from the study can enhance the establishment of the
sustainable forest business model. ABW is expected to become an even more valuable species for
local communities in semi-dry areas of African countries. The survivability of ABW under various
conditions suggests a potential planting business could be successful even in low resource stock
areas. Furthermore, since the physical properties was not affected by growth conditions, planted
trees are potentially used as timber material with equivalent properties including biological
performance to musical instruments’ material. The wasted ABW can be reused via novel molding
technique such as wood flow forming. The current value of ABW should be sustained and
maximized by managing the value chain, and a sustainable and healthy forest is definitely needed
given recent concerns. This forest should be based on sustainable forest utilization, supported by
the well-established timber market that can continuously provide benefits to local forestry. Thus,
forest management should focus on producing valuable timber. To achieve this goal, the
stakeholders must create a business model that maximizes each benefit. This study was intended to
address the gap between resource supply and global demand. Further steps should be considered to

conserve this valuable resource for future generations.

106



ACKNOWLEDGMENTS

I would firstly like to thank Tsuyoshi Yoshimura, the professor of the laboratory of innovative
humano-habitability, Research Institute for Sustainable Humanosphere (RISH), for giving me the
great learning opportunities to become a researcher. For their all helpful comments on the thesis, |
am especially grateful to Hiroyuki Yano, the professor of the laboratory of active bio-based
materials, RISH, and Mamoru Kanzaki, the professor of the laboratory of forest resources and

society, the Graduate School of Agriculture.

My grateful thanks also to Seiichi Ohta and Moriyoshi Ishizuka, Japan International Forestry
Promotion and Cooperation Center, and the staff of Mpingo Conservation & Development
Initiative, Makala Jasper, Jonas Timothy, Joseph Protas and Iddy Emillius and others for their kind
assistance and efforts in helping me understand Tanzanian local forest. My appreciation surely goes
out to all the Tanzanian local villages for their kind support. My gratitude is finally expressed for
Neil Bridgland and James Laizer, Sound & Fair Ltd., in Tanzania, and Motoki Takata, Yoshiyuki
Kashima and Shoko Ishii, Yamaha Corporation for collecting Tanzanian local wood samples. This

study could be implemented with their great cooperation.

This study was supported by the Japan International Cooperation Agency (JICA) as a part of
the BOP business promotion survey, “Preparatory Survey on BOP Business for Sustainable
Procurement of FSC Certificated Wood”, and also supported by the three parties’ collaboration
with Yamaha Corporation, the Research Institute for Sustainable Humanosphere at Kyoto
University and the Graduate School of Agriculture at Kyoto University, as a part of the joint study,
“the fundamental studies on achieving sustainable forest utilization focusing on African

Blackwood (Dalbergia melanoxylon)”.

107



108



