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ABSTRACT

The study aimed to identify and classify areas of Eucalyptus plantation into age
classes using LANDSAT imageries interpretation, and to quantify the carbon
sequestration and storage capacity of the age classes of a Eucalyptus plantation in Sra
Kaew using an integration of field measurements and remote sensing operations.

Five age classes classified as 1, 2, 3, 4 and 5 were established based on the 5
years utilization of Eucalyptus in Thailand. Three classification methods were used in
the age class classification of this FEucalyptus plantation: maximum likelihood
classification; age class model developed from the integration of Normalized
Difference Vegetation Index (NDVI), Bare Soil Index (BI) and Water Index (WI); and
logical operation.

Percent accuracy for age class classification using maximum likelihood
classification, age class model and logical operation were 83.33%, 60.83% and
72.50%, respectively. Accuracy of maximum likelihood classification was higher by
22.50% and 10.83% from age class model and logical operation, respectively. Thus,
maximum likelihood classification was the most suitable age class classification
approach for the Eucalyptus plantation in Sra Kaew.

In the carbon sequestration and storage determination, species-specific
equations were used to quantify the total above ground biomass of age classes 1 to 5.
The capacity of Eucalyptus plantation age class 1, 2, 3, 4 and 5 to store carbon was
calculated at 1.68, 9.09, 15.60, 25.62 and 25.90 tons C/ha, respectively. While the
amount of annual carbon accumulation or the sequestration rate was quantified at 1.68,
4.55,5.20, 6.41 and 5.18 t C/ha/yr for age classes 1, 2, 3, 4, and 5 respectively.

The total area of Eucalyptus plantation in Sra Kaew was computed at
26,708.89 hectares. The storage capacity of the Eucalyptus plantation was quantified
at 403,125.96 tons. The Eucalyptus plantation has an annual carbon sequestration rate
of 123,987.93 tons of carbon. Thus, the Eucalyptus plantation in Sra Kaew can
remove 455,035.70 tons of CO, per year from the atmosphere.

KEY WORDS : EUCALYPTUS PLANTATION/ REMOTE SENSING/ CARBON
SEQUESTRATION/ CARBON STORAGE/ SRA KAEW
THAILAND
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CHAPTER I
INTRODUCTION

1.1 Background and Justification

Carbon dioxide (CO,), and other greenhouse gases like methane (CHy), nitrous
oxide (N;0) and ozone (O3) has increased its concentration in the atmosphere resulting
to raised in earth’s surface temperature and changes in climate (IPCC, 2001c). It is
widely accepted that the presence of these greenhouse gases largely attributed to direct
and indirect human activities like fossil fuel combustion, land-use change and
agricultural practices has drastically increased the surface temperature over the past
decades (UNFCCC, 2001 and IPCC, 2001c). Climate change or global warming
occurs because of the increase in surface temperature which is an urgent and pressing
problem affecting various ecosystems and all forms of life on earth. Carbon dioxide is
the most abundant gas in the atmosphere and responsible for more than half of the
radiative forces associated with greenhouse effect (Dixon et al. 1993 and Moura-
Coasta, 1996 as cited by Sales et al., 2004). The current CO, concentration in the
atmosphere estimated at 370 parts per million (ppm) shows a significant increase from
its level in the industrial revolution period (IPCC, 2001c). Several organizations and
scientists predicted that emissions of greenhouse gases will increase continuously.
Thus, the growing concern on global warming lead to the first World Climate
Conference in Geneva in 1979. The conference concluded that the anthropogenic
carbon dioxide emission have long-term effect on climate due to its long life span in

the atmosphere (GEO 3, 2002).

In 2001, the Intergovernmental Panel on Climate Change (IPCC) predicted an
average increase of temperature between 1.4 and 5.8°C over the 21" century. Rise in
temperature is associated with increase water scarcity in drought affected areas due to
changes in rainfall patterns and reduction of run-off from snow and ice (Ingham and

Chaon, 2007). Occurrence of various natural phenomena observed in different parts of
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the world causing damage to property and lost of life is also associated with global
warming or climate change. Changes in climate had affected vulnerable ecosystems
like the coral reefs wherein increase in sea temperature has cause coral bleaching.
Bangkok Post (2007) also reported that sea level increase due to climate change will
result to flooding of low lying areas. Also, unfavorable variations in climatic
conditions resulted to population decline for some migratory birds as documented by
Sillett et al. (2000). Indirectly, climate change affects human health and well-being
since availability of freshwater, food production and the distribution and seasonal
transmission of vector-borne infectious diseases like malaria, dengue fever and

schistosomiasis are adversely affected (IPCC, 2001d).

To address and mitigate the problem on greenhouse gas emissions and climate
change several organizations had been organized like the Intergovernmental Panel on
Climate Change and United Nations Framework on Convention for Climate Change.
The primary goal of UNFCCC is to stabilize greenhouse gas emissions at levels that
prevent dangerous anthropogenic interference with global climate. Further, the
Convention encouraged industrialized countries to return to their 1990 CO, and other

greenhouse gases emission levels.

In response to the growing concern on climate change, countries all over the
world had been organized under the UNFCCC that lead to the formulation of the
Kyoto Protocol in 1997. The Protocol sets actual target for emission reductions for
countries included in Annex I. Further, Article 12 of the Kyoto Protocol provides for
clean development mechanism where non-Annex I Parties can assist Annex I Parties
to achieve compliance with quantified emission limitations and reduction

commitments to the Protocol.

According to the Global Environmental Outlook Three (2002), the issue on
climate change has directed attention to the role of land and forests as terrestrial store
of carbon. Forests play an important role in the global carbon cycle as carbon source
and sink, and their management or destruction significantly affects the course of global
warming. This is because more than half of the terrestrial carbon stocks are contained

in the forests, 20 percent of which is stored in tropical forests. As carbon source, the
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forest can release carbon from deforestation or removal of forest biomass. In 1980°s
and 1990’s carbon emission due to forest biomass removal was estimated at 1.6 — 1.7

gigatons a year (Watson, 2000).

Thus, the forestry sector thru its afforestation and reforestation activities plays an
important role in offsetting greenhouse gas emissions (Miehle et al., 2006). The clean
development mechanism of Kyoto Protocol likewise recognizes forestry projects
specifically afforestation and reforestation as one of the mitigating options to offset
carbon dioxide concentration in the atmosphere. This is because afforestation and
reforestation projects can serve as carbon sinks since trees absorbed carbon from the
atmosphere thru the process of photosynthesis and the carbon sequestered by trees is
stored as biomass. Afforestation and reforestation projects of the forestry sector are
usually in the form of forest plantations. Forests plantations have been established
covering about 43.8 million hectares, 85% of which is in India, Indonesia, Brazil,
Vietnam and Thailand (Ball, 1993). For the past decades, massive forest plantations
using exotic species were established. Exotic species like from the genus Eucalyptus
are preferred due to its fast growth, good survival rate and ability to grow even in poor
soils (Malab, 1993). Mostly, these plantations are established in developing countries.
Results of a study conducted by scientists of the Department of Global Ecology of
Carnegie Institute in Stanford published in the Proceedings of the National Academy
of Scientists and reported by The Nation (2007) heightened the suitability of tropical

countries like Asia for tree planting projects to offset carbon emissions.

Article 3 of Kyoto Protocol provides that Annex I Parties need to provide data to
establish level of carbon stocks and to estimate the change in carbon stocks for
subsequent years. Further, Article 6 provides that these Annex I Parties may transfer
to, or acquire from any other Party emission reduction units resulting from projects
aimed at reducing emissions by sources or enhancing removals by sinks of greenhouse
gases (UNFCCC, 2001). Through carbon trade, developed countries whose carbon
emission is beyond standard can perform its obligation to the Protocol. In this way,
the responsibility and commitment of developed countries to Kyoto Protocol is met

with least cost.
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In the advent of carbon accounting and trade-off, measurements of carbon
sequestration and stock of forest plantations are essential. Several studies have been
conducted that determine the carbon sequestration and storage potential of various tree
plantation species. In Philippines, the potential of Yemane (Gmelina arborea) and
Mahogany (Swietenia macrophylla) species to sequester and store carbon were
determined by Sales et al. (2004). Similarly, the potential of forest ecosystems in
Leyte Geothermal Power Plant was also assessed to determine the potential and
capacity of different vegetations in the vicinity of the power plant to sequester the
carbon dioxide emission of Leyte Geothermal Power Pant (Lasco et al., 2002).
However, these studies used field measurements of individual trees which are usually

laborious and time-consuming.

In more advance countries, computer simulation and models were employed like
the study conducted by Miehle et al, (2006) using Forest-DNDC. The need to use new
methods and tools like GIS and Remote Sensing is paramount. These tools provide
means to determine the sequestration and storage capacity of trees without spending
too much time and effort in field measurement. Determination of carbon sequestration
and storage capacity of trees in plantations using latest technology and tools is
necessary for policy makers and managers for carbon accounting and trade purposes.
Such information will also provide idea to plantation managers in selecting species to
plant that can maximize sequestration and storage of carbon dioxide from the

atmosphere.

Since species of Eucalyptus are one of the most favored and widely used
plantations species in the tropics, determination of its capacity to sequester and store
carbon using state-of-the-art technologies like Remote Sensing is important if such

plantation species are considered as carbon sink and a potential player in carbon trade.

1.2 Objectives of the Study

1.2.1 To identify and classify various age class of Eucalyptus plantation in Sra

Kaew Province, Thailand, using LANDSAT imageries interpretation.
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1.2.2 To quantify the carbon sequestration and storage capacity in various age
class of Eucalyptus plantation, using an integration of field measurements and remote

sensing operations.

1.3 Hypothesis

Carbon sequestration and storage capacity could be identified using remote

sensing operations.

1.4 Scope and Limitation of the Study

Increase concentration of CO; in the atmosphere resulting to climate change has
earned worldwide attention. This leads to various studies conducted ranging from
global climate prediction using models and simulation to quantifying greenhouse gases
in the atmosphere. Since related studies have been conducted, this study focuses on
the use of Remote Sensing to quantify the capacity of different age classes of
Eucalyptus to sequester and store carbon. Only homogenous and large continuous
plantation areas of Eucalyptus found in satellite image were analyzed. Clump of
Eucalyptus bordering rice fields and agricultural areas were excluded in the analysis.
Species-specific equations were used for determination of total above ground biomass.
Diameter and height of each tree were measured and fitted to the equation. Secondary

data for carbon content of Eucalyptus was also utilized in the study.

Further, purposive sampling was done in a way that plantation areas representing
different age classes in Sra Kaew Province, Thailand were selected for field

measurement.

1.5 Conceptual Framework

The carbon dioxide in the atmosphere which forms part with other greenhouse
gases are being absorbed by forests or other terrestrial vegetation or land uses like
forest plantations. The carbon is capture by the leaves thru the process of

photosynthesis and with the aid of light and water these are processed and stored in the
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stems of trees as biomass. Carbon in the form of biomass is quantified by measuring
diameter and height of trees. Remote Sensing tool using computer software’s
developed to facilitate ease in fieldwork are used to quantify biomass and carbon
sequestered and stored by trees falling in different age classes. Data from field
measurements was use to verify remote sensing generated result as illustrated in
Figure 1.1. Computed carbon stock and sequestration of Eucalyptus reflect the
amount of carbon dioxide that can be removed from the atmosphere and the suitability

of Eucalyptus to offset carbon emission.

Carbon dioxide as one of the greenhouse
gases in the atmosphere

A

Forest plantations as carbon
sink

A 4

Carbon captured and stored in the biomass of
Eucalyptus plantation

A

Field measurement Remote Sensing

Figure 1-1 Conceptual Framework
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1.6 Definition of Terms

Afforestation — establishment of forest plantations on land that was not classified as

forests (FAO, 2001a).

Biomass — the total amount of aboveground living organic matter in trees expressed as

ovendry tons per unit area (Brown, 1997).

Carbon stock — the absolute quantity of carbon held within a pool at a specified time
(IPCC, 2001a). In the study carbon stock is use to imply the amount of carbon stored
by Eucalyptus plantation.

Carbon pool — a system which has the capacity to accumulate or release carbon such as
forest biomass, wood products, soils and atmosphere (IPCC, 2001a). Carbon pool in

this study means the Eucalyptus plantation.

Forest Plantation — a forest established by planting or seeding in the process of
afforestation and reforestation consisting of introduce or indigenous species (FAO,

2001a). In the study, forest plantation refers to Eucalyptus plantation.

Reforestation — establishment of forest plantations on temporarily unstocked lands that

are considered as forests (FAO 2001a).

Remote Sensing — measurement or acquisition of data from an object or scene by a
satellite or other instrument which are located above or far from the object (ERDAS,

1997).

Sequestration — the process of increasing the carbon content of a carbon pool (IPCC,
2001a). In the study, carbon sequestered by each age class was the carbon density or

carbon stored in the biomass of Eucalyptus over its age.

Sink — any process or mechanism which removes a greenhouse gas, an aerosol, or a

precursor of a greenhouse gas from the atmosphere (IPCC, 2001a).
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CHAPTERII
LITERATURE REVIEW

2.1 The Greenhouse Gases and Climate Change

The climate system is consists of different interacting components like the
atmosphere, hydrosphere, cryosphere, land surface and biosphere which is influenced
by various external forcing mechanisms, the most important of which are sun and
human activities. The atmosphere is the most unstable components of the system
because it is rapidly changing due to the presence of greenhouse gases such as carbon
dioxide, methane, nitrous oxide and ozone (IPCC, 2001c). The greenhouse gases
absorb and emit infrared radiation thus increasing the earth’s surface temperature.
State of the Climate Change 2005 (2006) reported that the year 2005 was one of the
warmest years in record. The increase concentration of greenhouse gases results to an
additional warming of the atmosphere and the earth’s surface and since they are in the
atmosphere for a long a time, their effect on climate is also long (IPCC, 1995).
Among the greenhouse gases, carbon dioxide needs more detailed consideration
because of its abundance, importance and complicated behavior (IPCC, 1995).
Moreover, increase concentrations of carbon dioxide in the atmosphere are a major

contributor to climate change according to Schimel et al., (1995).

Climate change which is associated with increase concentration of carbon
dioxide in the atmosphere is defined by various organizations differently. IPCC refers
to climate change as any change in climate over time whether due to natural variability
or as a result of human activity while the UNFCCC defines the phrase as a change of
climate which is directly or indirectly attributed to human activity that alters the global
atmospheric composition, in addition to natural climate variability observed over
comparable period of time (IPCC, 1995). Based on these definitions, UNFCCC

recognized human activities as the major contributor to climate change while IPCC
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considers other causal factors of climate change. The likely impacts of this
phenomenon include environmental and economic catastrophe and human tragedy
(Bangkok Post, 2007). Ecosystems are already subjected to pressures from land-use
change together with resource demands and population changes. Thus, climate change
constitutes additional pressure to the ecosystem that will likely hinder the ecosystem’s
capacity to produce goods and services (IPCC, 2001d). Ecosystems that are largely
affected are those that occur in areas of high latitudes and least in tropics (IPCC, 1995).
Climate change also emerged as one of the major threats to biodiversity (GEO 3,
2002). Change in temperature and water availability results to major changes in broad
vegetation types, species composition of forests, disappearance of forests types or
establishment of new species. Various species of animals like 25 percent of the
world’s mammals and 12 percent of birds are at risk of extinction (IPCC, 2001d) due
to climate change. Likewise, extreme drought and bushfires in Australia are predicted
to push koalas towards extinction within a decade (Bangkok Post, 2007). Decline of
amphibians in tropical montane forests is also connected with climate change (Pounds
et al.,, 1999). Adverse effect on human health resulting to loss of life due to
anticipated increase in the intensity and duration of heat waves and the transmission of
vector-borne infectious diseases (IPCC, 1995) is likewise predicted to occur.
According to Bangkok Post (2007), Asia is likely to be hit hard of the climate change
with an estimated 130 million people at risk of hunger by 2050. The 2°C increase in
air temperature could decrease rain-fed rice yields in China, and the rice and wheat
production in Bangladesh. Further, water shortages especially in dry areas like India
will become common as the Himalayan glacier declines. In totality, food security is
expected to diminish in many countries in Asia and Pacific region due to sea-level rise,

floods and droughts (GEO 3, 2002).

Thus, the intermediate cause of climate change which is increase in carbon
dioxide concentration in the atmosphere needs to be addressed by formulating ways

and options to reduce its emissions.
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2.1.1 Trend and concentration of carbon dioxide in the atmosphere

Carbon is essential because it is the basis for food and fiber that sustain human
populations; the source of primary energy that fuels economies and as a major
contributor to the planetary greenhouse effect and climate changes (CCSP, 2003) since
carbon dioxide in the atmosphere traps heat and warms the earth surface. The
atmospheric concentration of greenhouse gases particularly carbon dioxide has
increased significantly from the pre-industrial concentration of 280 ppm to 360 ppm in
1990’s (IPCC, 1995) and an increase to 378.9 ppm in 2005 (State of the Climate in
2005, 2006). The IPCC (2001c) estimated an average increase rate of 0.4 percent per

year.

2.1.2 Sources of carbon dioxide emission

Carbon dioxide and other greenhouse gases have natural and anthropogenic
origins. Emission of carbon dioxide into the atmosphere is mostly from use of fossil
fuel, land use change and agriculture (IPCC, 1995) which are all anthropogenic. The
per capita emission of carbon dioxide due to fossil fuel combustion and from
deforestation and land use change is estimated at 1.1 tones and of (0.2 tones of carbon,
respectively (IPCC, 1995). The report further documented that developed countries
has higher carbon dioxide emission from use of fossil fuel at an average of 2.8 tonnes
as compared to developing countries at 0.5 tonnes. Several literatures are in
agreement that deforestation and land use change contribute to a lesser extent to
carbon dioxide emission than fossil fuel combustion.  Estimates of current
anthropogenic emission caused by land-use conversion is at 10 to 30 percent by IPCC

(2001c¢) while 20 percent by FAO (2001a).

Sources of carbon dioxide emissions include transport sector, building sector,
industrial emission, agriculture sector and electric power sector each with emission of
22, 31, 40, 4, and 38 percent, respectively (IPCC, 2001b) with industrial and electric

power sectors as primary emitters.
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2.2 Role of forest and forestry activities in mitigating CO, concentration

Forest plays an important role in mitigating carbon dioxide emission since they
made up large ecosystems with high biomass and forest soils to capture and store large
volumes of carbon over long period (Backeus et al., 2006; Sedjo, 2001) with tropics
having the highest potential and largest quantity to sequester and conserve carbon
(Brown, undated). Several authors cited by Lasco et al., (2005) also agreed that
tropical forest establishment and conservation are among the options cited to mitigate
the rise of carbon dioxide in the atmosphere because of the ability of forests to absorb
and fix carbon in the biomass. Further, IPCC (2001d) suggested strategies to curb the
increase of atmospheric carbon dioxide through biological approaches that include
prevention of emission thru conservation of existing carbon pool, extraction of carbon
dioxide from the atmosphere by sequestration or increasing the size of carbon pool,
and reduction of carbon dioxide emission by substituting biological products for fossil

fuels or energy-intensive products.

The world’s forests area of 3 500 million hectare constitute 30 percent of the
total land area (FAO, 1997). Of the world’s forests, 57 percent are mostly tropical
located in developing countries (IPCC, 2001d). And according to Brown (as cited by
GEO 3, 2002), carbon pools in the world’s forest are estimated at 348 Gt C in its
vegetation and 478 Gt C in soil. The amount of carbon that can be conserved and
sequestered by forest sector practices by 2050 is equivalent to 11 to 15 percent of the
total fossil fuel emission (Brown, undated). This is because trees are long-live plants
that develop large biomass thereby capturing large amounts of carbon over a growth
cycles of many decades (FAO, 2001a). The mitigation potential of forests found in
Asian countries as mentioned in the IPCC Report (2001d) is estimated at about 26.5

Gt carbon.

2.2.1 Plantation Establishment

FAO (2001b) defined forest plantations as forest stands established by planting

and/or seeding in the process of afforestation or reforestation using introduced or
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indigenous species, with a minimum area of 0.5 hectare, and with tree crown cover of
at least 10 percent of the land cover and a total height of adult trees of more than 5

meters.

As of year 2000, forest plantations worldwide covered 187 million hectares, 62
percent of which is in Asia. The total area of forest plantations has increase
significantly from the 124 million hectares in 1995. Latest reports estimated an annual
planting rate of 4.5 million hectares globally with Asia and South America accounting
for 79 and 11 percent, respectively (FAO, 2001b). Plantations account for 5 percent of
the global forest cover and estimated to supply about 35 percent of global demand for
round wood. Of the over all area of plantation forests, industrial plantations account
for 48 percent, non-industrial plantations for 26 percent and plantations for unspecified

use 26 percent (FAO, 2001b).

Table 1 shows the plantation area and the annual planting rate in Southeast Asia.
Indonesia, Thailand, Malaysia and Vietnam have the largest plantations forest in
Southeast Asia. Indonesia has the highest annual planting rate followed by Thailand.
Brunei Darussalam having the least area of plantation has also the lowest annual

planting rate.

Table 2-1. Area and annual planting rate of plantations in Southeast Asia (FAO,
2001b).

Area of Plantation Annual planting rate

Country (ha) (ha)
Brunei Darussalam 3,000 200
Cambodia 90,000 3,000
Indonesia 9,871,000 271,000
Lao PDR 54,000 6,000
Malaysia 1,750,000 35,000
Myanmar 821,000 37,000
Philippines 753,000 30,000
Thailand 4,920,000 225,000
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Table 2-1. Area and annual planting rate of plantations in Southeast Asia (FAO,
2001b) (continued).

Area of Plantation Annual planting rate
Country (ha) (ha)
Vietnam 1,711,000 80,000
Total 19,973,000

In developing countries, tree plantations together with agroforestry became an
important source of timber, fuelwood and raw materials for pulp and paper in the
advent of global population increase and the decline in areas of native forest (Turnbull,
2003). In 1995, about one-third of the total plantation estate was primarily grown for
wood fuel (FAO, 2001b). IPCC (2001d) considered forest plantations establishment
as the most reliable silvicultural method for afforestation, reforestation, and
sustainable regeneration wherein productivity is enhanced if desired species are
planted on suitable sites. Further, Sayathe and Ravindranath (1998) reported that
afforestation or plantation forest have the potential to increase carbon stocks by 70-
100 t C per hectare with commercial plantations having the greatest potential at 165 t
C per hectare for the timber estates in Indonesia, 120 t C per hectare for timber

forestry in India and 236 t C per hectares for long rotation forestry in Philippines.

In the past ten years the development of forest plantations as carbon offsets has
evolved towards a market mechanism. The adoption of the Kyoto Protocol in 1997
triggered a strong increase in investments in plantations as carbon sinks. To date,
greenhouse gas mitigation funding covers about 4 million hectares of forest plantations
worldwide (FAO, 2001b). The recognition that afforestation and reforestation as the
only eligible land use, land use change and forestry activities under CDM lead to a

steep increase in forest plantations in developing countries (FAO, 2001b).

Globally, the main fast-growing short rotation species commonly used are in the
genera Eucalyptus and Acacia (FAO, 2000). In 1990, the area of Eucalyptus
plantations in Tropical Asia and the Pacific was 5.2 million hectares most of which

was in India where a total of 4.82 million hectares planted to Eucalyptus species were



Catherine Onida Iglesias Literature Review / 14

reported (Ball, 1993). Table 2 shows the total plantation area planted with Eucalyptus
in Asia. India has the largest area of eucalyptus plantation among the other Asian
countries. Its area has increased almost doubled since the report of Ball in 1993. This
large increase could be attributed to India’s’ high annual planting rate. China has the
second largest eucalypts plantation followed by Vietnam and Thailand. Cambodia has

the least eucalypts plantation in Asia.

According to Turnbull, (2003) species of the genus Eucalytpus were widely used
throughout the world to provide wood products in regions where scarcity of wood and
tree products exists due to its high productivity and adaptation to dry, infertile sites. In
a number of Asian countries like India, Vietnam, China and Thailand, plantations
utilizing eucalypts have become a significant feature of the natural resource base
supporting major industries and contributing to rural poverty alleviation (Turnbull,

2003).

Table 2-2. Area of Eucalyptus plantations in Asia (FAO, 2001b).

Plantation Area Plantation Area
Country (ha) Country (ha)
Bangladesh 37,000 Malaysia 19,000
Cambodia 100 Myanmar 71,000
China 1,334,000 Nepal 11,000
India 8,005,000 Pakistan 245,000
Indonesia 128,000 Philippines 189,000
Iraq 7,000 Sri Lanka 44,000
Jordan 1,000 Thailand 443,000
Lao PDR 8,000 Vietnam 452,000

Total 10,994,100

In Thailand, many species of Eucalypts were introduced but only few species

that include E. camaldulensis show good survival and growth rate. The species is
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adapted to saline soils in north eastern Thailand and tolerates a variety of climatic
conditions (Pousajja, 1993). At present, E. camaldulensis is the most commonly
grown Eucalyptus species in the country with an estimated area of 480 000 hectares
with current annual planting rate of 40 000 hectares. Plantings are mostly done by
private companies and several small farmers (Luangviriyasaeng, 2003). The annual
planting rate increased significantly in response to high demand for wood, wood chips

and poles for domestic consumption and export (Pongpanich, undated).

E. camaldulensis was first introduced to Thailand for plantation establishment in
1965 (Pruchapruth, 1993) and has been planted mainly in the north east since 1950°s
because of the dry and saline condition of soil (Masaki, 1993). Large-scale plantations
started in 1983 (Luangviriyasaeng, 2003). The tree is propagated for production of
woodchips, poles, sawn timber for general construction and fuelwood. Its rotation is
usually 4 — 5 years and harvests are mostly for pulp and paper industry
(Luangyviriyasaeng, 2003). In the 1980’s, its utilization was primarily for fuelwood
and charcoal since the energy consumption for household cooking was very high.
Another important market for the eucalypts plantations is the wood chips and pulp and
paper industry. In 1994 the demand for paper in Thailand reached 1.6 million tons,
and eucalypts was the preferred raw material for the pulp and paper industry. Piling
and pole is another market for eucalypts. This product have even higher price as
compared to wood chips since poles and piles can be sold at 1 500 baht per ton while

wood chips are sold at 850 baht per ton (Pousajja, 1993).

2.3 Carbon Storage and Sequestration

According to CCSP (2003), enhancing carbon sequestration is of current interest
as a policy option to slow the rise in atmospheric carbon dioxide. IPCC (2001d)
implied that the general goal of sequestration activities is to maintain ecosystem in its
sink phase. Reduced deforestation, forest regeneration and increased plantations
development and agroforestry accounts for 12 to 15 percent of global sequestration of

carbon emission from fossil fuels (FAO, 2001a).
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Sedjo (2001) explained that in the process of photosynthesis atmospheric carbon
dioxide is combined with water while oxygen is subsequently released into the
atmosphere then the carbon atoms are incorporated into plant cells. According to FAO
(2006), 20 percent of the general weight of a tree is carbon. Young forest can
sequester relatively large volumes of carbon which is roughly proportional to the
growth in forest biomass whereas an old growth forest does not experience net growth
but it acts as reservoir holding large volumes of carbon. Thus, a young forest hold less
carbon but sequester additional carbon over time while an old forests may not capture
new carbon but continues to hold large volumes of carbon as biomass over long
periods of time (Sedjo, 2001). In Philippines, although fast growing forest plantations
sequestered more carbon than natural forests, the ability of natural old growth
dipterocarp forests is considerable while the secondary growth dipterocarp forests was
estimated to sequesters approximately 2.5 Mg C per ha per year with an average net

carbon flux of 0.25 Mg C per ha per year (Saastamoinen et al. 2002).

2.4 Biomass determination

As defined in Chapter 2, biomass refers to the total amount of aboveground
living organic matter in trees expressed as oven-dry tons per unit area. Woody
biomass and wood volumes are important indicators that provide a comprehensive
measure of the capacity a forest ecosystem to sequester carbon (FAO, 2001b) since it
is assumed that about 50 percent of the biomass is carbon (Brown, 1997); hence forest
biomass provides estimates of the carbon pools in forest vegetation. Further, it
represents the potential amount of carbon that can be added to the atmosphere as

carbon dioxide once the forest is cleared or burned.

According to Brown (1997), an essential aspect on the study of C stock and the
global C balance is estimating biomass. Estimates of biomass density provide the
means for calculating the amount of carbon dioxide that can be sequestered from the
atmosphere by regenerating the forest or by plantations since the rate of biomass
production is established. Total biomass is obtained from the product of biomass

density and the corresponding area wherein biomass density estimates is based on



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Natural Resource Management) / 17

biomass of trees with diameters greater than or equal to 10 cm. There are two
approaches in estimating biomass density, the first approach is based on the use of
existing measured volume estimates (VOB per ha) converted to biomass density (t/ha)
using a variety of tools. The second approach directly estimates biomass density using
biomass regression equations. These regression equations are mathematical functions

that relate to oven dry biomass.

According to Ketterings et al., (2001), the common method employed to estimate
biomass is by use of allometric equations and regressions. Allometric equations for
relating diameter at breast height or other easily measurable variables to standing
volume of wood or total biomass C and nutrient stocks are commonly used for forest

inventories and ecological studies.

The following equations are commonly used to determine biomass:

B= aD’ (equation 1)
Where: B = represents biomass,

D = diameter, and

a and b = parameters

In developing countries, total biomass can also be computed using the formula
(FAO, 2001b):
Total forest biomass (t/ha) = VOB * WD * BEF (equation 2)
Where: VOB = volume over bark in cubic meter per hectare,
WD = volume weighted average wood density (tonnes of oven dry
biomass per cubic meter green volume), and
BEF = biomass expansion factor (ratio of above-ground oven-dry

biomass of inventoried volume).

Also, the allometric equation developed by Brown (1997) is commonly used
since the equation can be use regardless of tree diameter. The equation is express as:
Y =exp [-2.134+2.530*In (D)] (equation 3)

Where: Y = biomass per tree in kilogram
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D = diameter at breast-height measured at 1.3 m from the ground

According to Ketterings et al., (2001), the most accurate method of estimating
biomass is by weighing tree biomass in the field. But this method is destructive and
time-consuming and limited to small areas and small tree sample sizes. Thus, the use
of species-specific equations is preferred because trees of different species differ

significantly in terms of wood density, amount of foliage and other structures.

2.5 Remote Sensing

The term remote sensing was first used in the United States in 1960’s to
encompass photogrammetry, photo-interpretation and photo-geology. It is a
technology that allows researchers to identify, measure or analyzed objects of interest
which is not in direct contact by using the electro-magnetic radiation reflected or
emitted by the object (Remote Sensing Tutorial, 1996). Satellite imagery is an
example of a remotely sensed data (ERDAS, 1997). Satellite remote sensing played a
vital role in generating information about forest cover, vegetation type and land use
changes (Sae jamalabad and Abkar, undated). Various land cover absorbs and emits
energy, which is recorded by sensors in the remote sensing device. The energy
emitted by land covers called electromagnetic radiation differs among land covers
giving certain features of the earth distinguishable characteristics as recorded in the

satellite image (ERDAS, 1997).

Thru the aid of remote sensing, information from digital image can be
extracted either by classification, change detection, extraction of physical quantities,
extraction of indices, and identification of specific features. Indices like Normalized
Difference Vegetative Index (NDVI), Bare Soil Index (SI), Water Index (WI) and Leaf
Area Index (LAI) are examples under extraction of indices using computer software

(Remote Sensing Tutorial, 1996).
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2.5.1 Normalized Difference Vegetation Index

NDVI is the most widely used vegetative index since it is
associated with vegetation canopy characteristic such as biomass, leaf area index and
percentage of vegetation cover. It is an alternative measure of the amount of
vegetation and conditions in a sense that dense biomass register large NDVI value.
The NDVI value is derived by transforming raw image data into an entirely new image
using mathematical formulas to calculate the color value of each pixel. NDVI
transformation is calculated as a ratio between measured intensities in the red and near

infrared portions of the electro magnetic spectrum, expressed mathematically as:

_ (NIR -red)
~ (NIR +red)

NDVI

The red and near-infra red (NIR) images are obtained and used to
calculate an NDVI value for each pixel since these two spectral bands are more
affected by the absorption and reflection of electromagnetic radiation of vegetative
surface. Visible light (0.4 to 0.7 micrometer) is strongly absorbs by the chlorophyll in
plant leaves while the near- infrared light (0.7 to 1.1 micrometer) is strongly reflected.
Also, in red and near-infrared bands the contrast between vegetation and soil is at a
maximum hence detection of land cover became possible. In general, a pixel with
more reflection of near-infrared radiation than the visible lights indicates dense

vegetation and likely to be forests.

The LANDSAT NDVI is produced at a resolution of 30 meter, and
useful to create detailed images. The NDVI equation presented above produces values
in the range of -1.0 to 1.0, where values greater than zero and close to 1.0 indicate
vegetation and negative values indicate non-vegetated surface features. In order to
maximize the range of values and provide numbers for each pixel, the NDVI values

are scaled as follows:

Scaled NDVI = 100(NDVI + 1)
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Scaling converts a number between -1.0 and 1.0 into a pixel value

ranging from O to 200 that is appropriate on a gray tone display.

2.5.2 Bare Soil Index

Bare soil index is a normalized index of the difference of the sums
of two reflective (Bands 4 and 1) and absorption (Bands 5 and 3) bands. It helps in
separating vegetation with different backgrounds like completely bare, sparse canopy
and dense canopy (Roy et al, 1996). The index is formulated with medium infrared
information. The logic of the approach is based on high reciprocity between bare soil
status and vegetation status. The status of forest lands ranging from high vegetation
condition to exposed soil conditions is assessed continuously by combining both
vegetation and bare soil indices in the analysis. Mathematically, the index is

expressed as (Rikimaru, 1997):

gy (SIR +RED) - (NIR + BLUE) x 100
(SIR + RED) + (NIR + BLUE)

+100

The value of BI ranges from 0 < BI < 200 at 8 bits range only.
According to Saei jamalabad and Abkar (undated), bare soil index increases as the

bare soil exposure degrees of ground increase.

2.5.3 Water Index
The water index is calculated from the reflected solar radiation in

the shortwave-infrared (SIR) and green (GREEN) wavelength bands expressed as
(USGS, undated):

_ GREEN
SIR

WI

The typical range of non-water area ranges between 0 to 1 and
water area is in between 1 to 255. These values are used to differentiate the water area

from non-water area.
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2.5.4 Leaf Area Index

Leaf Area Index (LAI) is the ratio of the total upper leaf surface of
a crop divided by the surface area of the land on which the crop grows. It is a
dimensionless number and it represents the density of vegetation covering the ground
(Solis, undated). It is the major factor determining the amount of light intercepted by
the plant canopy which varies with species and canopy structure (Scurlock, et al.,
2001). In the study conducted by Schlerf (2004) LAI was measured using a Li-Cor
LAI-2000 instrument. The instrument is operated only under an overcast sky

condition.

Two common approaches to estimate LAI by use of remote sensing
imagery includes vegetation index (VI) and a modeling approach. The VI approach is
associated with spectral vegetation indices like the NDVI. But the common procedure
to estimate LAI is to establish relationship between NDVI and LAI by statistically
fitting observed LAI values with the corresponding NDVI. The following forms are
some of the proposed LAI-SVI relationships (Qi et al., 2000):

LAL = ax’ + bx* + cx + d,

LAI=a + bx",
LAI =- 1/2a In(1-x),
LAI= f{x)

where x is either vegetation indices or reflectance derived from
remotely sensed data; coefficients a, b, ¢ and d are empirical parameters that vary with

vegetation types.

2.5.6 LANDSAT-5TM

LANDSAT-5 was launched by National Aeronautics and Space
Administration (NASA) in 1984. It orbits at an altitude of 705 km and records images
in a ground swath of 185 km every 16 days. The TM data are received directly by
various ground stations worldwide, one of which is in Thailand. The satellite has

Thematic Mapper (TM) and MSS (Multi Spectral Scanner) sensors. The TM sensor
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with its 7 bands provides more radiometric informations than the MSS sensor however

collection of MSS data was suspended in 1992 (USGS, undated).

LANDSAT Thematic Mapper consists of 7 bands with the following

characteristics:

Table 2-3 Band characteristics of TM (RST, undated).

Band Wavelength interval Spectral response Resolution
(um)
1 0.45-0.52 Blue — Green 30
2 0.52 - 0.60 Green 30
3 0.63 -0.69 Red 30
4 0.76 — 0.90 Near IR 30
5 1.55-1.75 Mid-IR 30
6 10.40 - 12.50 Thermal IR 120
7 2.08 - 2.35 Mid-IR 30

LANDSAT data are used to support various applications in areas like global
change research, agriculture, forestry, geology, resource management, geography,
mapping, water quality and oceanography. The 7 bands in LANDSAT TM have the

following specific applications:

Table 2-4 Applications of different TM bands (RST, undated).

Band Principal Applications

1 Coastal water mapping, soil vegetation differentiation and
deciduous/coniferous differentiation

Green reflectance by healthy vegetation

Chlorophyll absorption for plant species differentiation

Biomass surveys and water body delineation

(O VS B \S)

Vegetation moisture measurement and snow cloud

differentiation
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Table 2-4 Applications of different TM bands (RST, undated) (continued).

Band Principal Applications
6 Plant heat stress measurement and snow cloud differentiation
7 Hydrothermal mapping

2.6 Review of Related Studies

Several studies have already been conducted that determine the carbon stocks of
different pools in the terrestrial ecosystem ranging from species to ecosystem level.
Some studies were carried out by means of field measurements while the others use
tools and computer software’s. The following are among the various researches

already conducted.

The study conducted by Lasco et al., (2002) estimated the existing carbon stored
and also the sequestration rate by vegetation to potentially serve as sink for the carbon
dioxide emitted from eight geothermal power plants in Leyte Geothermal Reservation,
Philippines.  Results showed that fast-growing tree plantations of mahogany
(Sweitenia macrophylla), mangium (Acacia mangium) and Yemane (Gmelina arborea)
accumulated carbon faster than natural forests at an annual rate of 3.28, 18.77 and
15.45 tons per hectare, respectively. Relative to power plant emission, the C stored in
the reserve is equivalent to more than 22 years of CO, emission of the power plant and

the annual C sequestration was documented at 27% of CO, emission per year.

Study on Carbon storage and sequestration potential of smallholder tree farms on
Leyte Island, Philippines done by Sales et al., (2004) predicted the carbon storage and
sequestration potential of common tree farm species. Data were gathered by means of
field measurements. Volume and biomass increment of Gmelina arborea and
Swietenia macrophylla tree tfarms were predicted using the Chapman-Richards growth
function. Volume and biomass increment for the entire rotation age of these species

were predicted. Results of the study showed that biomass and carbon density are
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affected with age, type of species, site conditions and silvicultural treatments applied

in the stand.

Using the growth function, it was determined that G. arborea and S.
macrophylla attained average maximum growth at 10 and 13 years, respectively of its
rotation age. The study further showed that maximum mean annual increment for both
species was attained before the expected maximum growth year. For a 15-year-old G.
arborea tree farm, the total C storage capacity was estimated at 64 Mg C per hectare.
Total C storage capacity of a 25-year-old S. macrophylla was estimated at 159 Mg C
per hectare. And the average rate of carbon sequestration was 5 Mg C per hectare per

year for both species.

Study on role of reforestation on carbon sink at Re-afforestation Research and
Training Station, in Changwat Nakhon Ratchasima by Nualngam and Chongrak (2002)
determined the capacity of various patterns of land use as carbon sink. Plots for
Acacia mangium, Neyraudia reynaudiana, Imperata cylindrical, Xylia xylocarpa,
Dalbergia cochinchinensis, E. camaldulensis, Pterocarpus macrocarpus, and Acacia
auriculaeformis were established. Plant and soil samples were collected to analyze
above and below ground carbon sink of the study area. The study showed that carbon
sink in plant vary with the plants biomass. Among the land use, A. mangium showed
the maximum amount of carbon sink of 92.450 ton/ha, while 55.663 ton/ha for E.
camaldulensis. A. mangium further showed the highest capacity for carbon sink both

in plant and soil among the other land uses.

Miehle et al., (2006) has used Forest-DNDC model to compute the carbon stock
of Eucalyptus globules plantation. The results obtained from validation test revealed
that the Forest-DNDC can predict growth of E. globules to a high level of precision
across a broad range of climatic conditions and soil types. Differences between
predicted and measured aboveground carbon stocks ranged between -23.5 and 12.6

tons C per hectare per year.
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While the study conducted on enhancing forest carbon sequestration in China
done by Chen et al., (2006) has used GEOCOMP-n, a satellite image processing
system that produces data products useful for terrestrial ecosystem monitoring and
carbon cycle modeling. Based on this system, it was determined that China’s forests
were carbon sinks of 213 Tg C per year during the period 1984-2001 as a result of the

large area plantations established since the late 1970’s.

The study of Backeus et al., (2006) presented an optimization model for analysis
of carbon sequestration in biomass and forest products at local and regional scale. The
study was carried in a 3.2 million hectare of boreal forest in northern Sweden. The
model used in the study consists of stand-level simulator using linear programming,
and results of the study showed an annual carbon sequestration of the study area of

1.48 — 2.05 million tones.

Zheng et al., (2006) have used LANDSAT ETM"® images and field forest
inventory data to estimate above ground biomass of forests in Guizhou Province,
China. Three vegetation indices that include simple ratio (SR), reduced simple ratio
(RSR), and normalized difference vegetation index (NDVI) were calculated from
atmospherically corrected ETM" reflectance images. These vegetation indices
together with forest stand age were used to develop above ground biomass estimation
models for different types of forests through stepwise regression analysis. The
developed model was able to explain 90 percent of above ground biomass variances of
all forests in the province. Using the model, the above ground biomass of the forests in

the study area was determined ranging from 90 to 180 tons per hectare.

The study of Muukkonen and Heiskanen (2007) demonstrated the potential of
standwise forest inventory data, and ASTER and MODIS satellite data for estimating
stand volume (in cubic meter per hectare) and aboveground biomass (in tons per
hectare). The study was conducted over a large boreal forest in Finland. A regression
model was developed using data from standwise forest inventory and standwise
averages of moderate spatial resolution ASTER data. Stand volume for coarse

resolution MODIS pixels at 250m x 250m was estimated using the developed
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regression model. The estimates obtained were significantly close to the mean values

provided by Finnish National Forest Inventory.

Patenaude et al., (2004) quantify the above ground carbon content using
LiDAR Remote Sensing. The study presented a canopy height quantible-based
approach to quantify above ground carbon content of temperate deciduous woodland.
Field measurements were conducted in five stands within the study area and
aboveground carbon content was estimated using allometric relations. A digital
canopy height model (DCHM) and a digital terrain model were derived from elevation
measurements obtained by a means of an Optech Airborne Laser Terrain Mapper 1210.
Stemwood volume per plot was estimated using forestry yield model. Aboveground
biomass content at stand level and woodland level were estimated by using
20m x 20m grids superposed to the digital canopy height model. Result of the study
showed that LIDAR 20m x 20m approach has the capability of monitoring the natural

variability of aboveground carbon content at woodland level.

2.7 Study Area

Sra Kaew is located in the eastern border of Thailand facing Cambodia. Its
boundary consists of Buri Ram on the north, Chanthaburi on the south, Cambodia on
the east and Chachoengsao on the west. Sra Kaew was once under the administrative
jurisdiction of Prachin Buri Province as one of its districts Amphoe Sra Kaew. In
December 1993, Sra Kaew became a new province of Thailand. It is divided into 7
districts: Amphoe Muang, Amphoe Watthana Nakhon, Amphoe Aranyaprathet,
Amphoe Ta Phraya, Amphoe Khao Chakan, Amphoe Wang Nam Yen, Amphoe
Khlong Hat, and 2 sub-districts: King Amphoe Khok Sung, and King Amphoe Wang

Sombun.

The province is located 245 kilometers east of Bangkok with an area of 7,195
square kilometers. The area varies from plains to highlands with mountainous

topography in the north where Pang Sida National Park is located, wavy plains and
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hills in the south and plains and hills at the center of the province. Evergreen forests

also occur in the south of Sra Kaew particularly in the Chanthaburi mountain range.

The climate is influence by the southwest monsoon winds, sea breezes and storm
depressions. The temperature in Sra Kaew ranges from an average lowest temperature
of 27°C to a highest temperature of 38°C. It has two seasons; March to November is

the rainy season while December to February is the dry season.
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Figure 2-1 Sra Kaew Provincial Boundary
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CHAPTER III
METHODS AND TOOLS

3.1 Materials and Tools

The following materials and tools were used in the conduct of the study:

a) LANDSAT-5 TM image path-row: 128-50, 128-51, and 127-50;
dated February 08, 2007 (Source: GISTDA)

b) Sra Kaew Administrative Boundary (Source: DEQP, undated)

c) Remote Sensing and GIS software: ERDAS 8.7, ARCGIS 9 and
ArcView 3.3

d) Microsoft Excel

e) GPS

f) Computer with specification of Intel Pentium IV Processor

g) Diameter tape

h) Hypsometer

1) Steel tape

j) Field notebook

k) Camera

3.2 Study Process

The study methodology was defined into 2 broad parts: area identification of
Eucalyptus plantation and determination of carbon sequestration and storage capacity.
Area identification of Eucalyptus plantation includes data preparation and pre-
processing, image analysis and classification, area identification by maximum
likelihood classification, age class model and logical operation, accuracy assessment

and area identification per age class. Determination of carbon sequestration and
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storage capacity involves tree measurements and biomass computation. Figure 3-1

shows the study process.
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Figure 3-1 Study Process

3.2.1 Area Identification of Eucalyptus Plantation

The area of Eucalyptus plantation in the study site was identified using

hybrid interpretation which includes both visual and computer assisted approach. The

steps for this study process are explained as follows:

3.2.1.1 Data Preparation and Pre-Processing
LANDSAT-5 TM image (band 1-7) with least cloud cover was

selected for data processing. Geometric verification or spatial reference for

LANDSAT image was ascertained to UTM WGS 1984 Zone 48N. Then, the image
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was masked to Sra Kaew provincial boundary and used in the succeeding processes.

Figure 3-2 illustrates the steps of this study process.

Geometric
verification
& correction

& SR
== SN

Landsat5 TM Band : 1-5, 7

Mask image: Sra Kaew Provincial boundary

Image
Masking

Pre-processing

......................................

Figure 3-2 Pre-processing

3.2.1.2 Image Analysis and Classification
The visual interpretation integrated with supervised
classification was used to identify Eucalyptus and Non-Eucalyptus plantation areas.
Then, it was manipulated in more detail for age class identification of Eucalyptus

plantation.

Age classes of Eucalyptus plantation was classified base on
utilization of 5 years rotation age, thus age class 1, 2, 3, 4 and 5 were established. In
addition, the Normalized Difference Vegetation Index (NDVI), Bare Soil Index (BI)

and Water Index (WI) were also employed for age class classification.

Normalized Difference Vegetation Index (NDVI) was
determined using the equation (USGS, undated):

(NIR-RED)

NDVI = ——— =7
(NIR + RED)

Where: NDVI

Normalized Difference Vegetation Index

NIR = Near Infrared reflectance value (spectral band 0.76 — 0.9 um)
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RED = Visible Red reflectance value (spectral band 0.6 — 0.7 um)
Another index that was determined to assess the age class

classification of Eucalyptus plantation was the Bare Soil Index (BI), expressed

mathematically as (Rikimaru, 1997):

7 _ (SIR+ RED) - (NIR + BLUE) x 100

(SIR+ RED)+ (NIR + BLUE) W
Where: BI = Bare Soil Index
BLUE = Visible Blue reflectance value (spectral band 0.45 — 0.52 um)
RED = Visible Red reflectance value (spectral band 0.60 — 0.70 um)
NIR = Near Infrared reflectance value (spectral band 0.76 — 0.90 um)
SIR = Shortwave Infrared reflectance value (spectral band 2.08-2.35um)

Water Index (WI) was also determined following the equation

(USGS, undated):

Wi = GREEN
SIR
Where: WI = Water Index
GREEN = Visible Green reflectance value (spectral band 0.50-0.60 um)
SIR = Shortwave Infrared reflectance value (spectral band 2.08-2.35 um)

3.2.1.3 Age Class Classification by Maximum Likelihood
Classification

Supervised  classification using maximum likelihood

classification was used to classify FEucalyptus plantation area into age classes.

Training areas were established in areas of Eucalyptus plantation representing age

class 1, 2, 3, 4 and 5.

3.2.1.4 Age Class Classification by Age Class Model
3.2.1.4.1 Model Development. NDVI, BI and WI were used

to develop age class model using Microsoft Excel as shown in Figure 3-3. Linear and
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non-linear regression analyses for the vegetation indices were performed to develop
the age class model. Age class models were developed using each vegetation index as
variable. Combination of NDVI, BI and WI were also considered as variables in the

age class model.

Data preparation and Pre-processing

Pre-processed

Landsat5 TM Band : 1-5, 7

Band 3, 4 Btind 1,3, Band 2,5

R M

Regression Analysis
Linear and Non-linear
., Age Class Model

Age classes map of Eucalyptus
plantation

Figure 3-3 Development of age class model

3.2.1.42 Model Calibration. The model was calibrated by

deleting outliers or extreme values thereby considering values within the average of
the normal distribution curve. Outliers were determined based on the Root Mean

Square Error of each index value.

3.2.1.43 Model Application. The age class model with the

highest Coefficient of Determination (Rz) and least Standard Error was selected for
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application in the classification of age classes for Eucalyptus plantations. The best fit

equation was fitted in the Model Maker of Spatial Modeler Language of ERDAS 8.7.

3.2.1.5 Age Class Classification by Logical Operation
Logical operation was also undertaken in age class classification
to provide comparison of methods best suited for age class classification. The NDVI,
BI and WI for each age class were overlaid and used as the threshold values for the

condition in the classification of each age class of Eucalyptus plantation.

3.2.1.6 Classification Accuracy Assessment
The accuracy of image interpretation and classification was
manipulated using confusion matrix by comparing the actual value from ground truth

data with predicted or proposed classification from the classification system.

3.2.1.7 Computation of Eucalyptus Plantation Area by Age Classes
The resulting map from the classification system with the
highest accuracy was used to compute the area for each age class per Amphoe
(district). The computed area for each age class was used in the determination of
carbon sequestration and storage capacity of each age class of Eucalyptus plantation

for the province of Sra Kaew.

3.2.2 Determination of Carbon Sequestration and Storage Capacity

Purposive sampling was undertaken such that 20 sample plots per age
class were laid on Eucalyptus plantations identified as 1, 2, 3, 4 and 5 years. Data
taken on the sample plots were used to calculate the quantity of carbon stored and
sequestered of above ground biomass of Eucalyptus plantation. The steps of this study

process are further discussed as follow:

3.2.2.1 Selection of Sampling Area
Sampling area was selected based on area coverage of

Eucalyptus plantation in Sra Kaew and the availability of information regarding age of
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plantation. Sample plots were established in Eucalyptus plantation located in Amphoe
Wattana Nakhon. The sample plots were purposely established in this area since
Amphoe Wattana Nakhon is one of the districts with the largest area of Eucalyptus
plantation.  Further, the age of the different Eucalyptus plantations in Amphoe

Wattana Nakhon were also known, thus this facilitated ease during ground truthing.

3.2.2.2 Data Sampling
A total of 100 sample plots were established on the plantation
areas. Twenty sample plots with dimensions of 30 x 30 meters were laid over in area
for age class 1, 2, 3, 4 and 5 of the Eucalyptus plantation. The 30mx30m dimension of
the sample plots was based on the pixel resolution of LANDSAT-5 image.

In each plot, five trees located on the corners and on the center
of the plot were taken as samples. Diameter-at-breast height (DBH) and total height of
individual trees were measured. The geographic location or coordinates of each tree

were also recorded. Figure 3-4 shows the lay out of trees in the sample plot.

30 m

30 m X

Figure 3-4. Layout of trees measured on each sample plot.

3.2.2.3 Biomass Computation per Tree
Diameter and height measured from the field were used to
determine the biomass of individual trees. Species — specific equation for different

age classes developed for E. camaldulensis Dehnh. by Chongrak (2006) was used in
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the computation of above ground biomass of individual trees in each age class. The

following equations were used:

Table 3-1. Biomass equations for age class 1 -5 (Chongrak, 2006).

Above ground
Age Class biomass Equation Remark
Stem Ys = 0.0401 (D’H) "%
1 Branch Yb =0.0079 (D*H) **¥*’ | Reforestation
Leaf Y1=0.0419 (D*H) **"*
Stem Ys =0.0318 (DH) "%V
2 Branch Yb=0.004 (D*H)*" Reforestation
Leaf Y1 = 0.0289 (D*H) %%
Stem Ys =0.0231 (D*H) "%’
3 Branch Yb = 0.0042 (D*H) *°%® | Reforestation
Leaf Y1=0.0222 (D*H) **?"7
Stem Ys = 0.0482 (D°H) *¥"®
4 Branch Yb=0.0317 (D2H) 06031 Reforestation
Leaf Y1 = 0.0059 (D*H) *7'%*
5 Stem Ys = 0.0364 (D*H) "5
Branch Yb = 0.2362 (D’H) %**! | Reforestation
Leaf Y1=0.0071 (D*H) ***'®

Total above ground biomass for each tree was computed as:

Biomasst = Y+ Yp+ Y,

Where:  Biomasst = total above ground biomass for each tree expressed in kg,
Y, = stem biomass (kg),
Yy = branch biomass (kg), and
Y = leaf biomass (kg)
D = diameter measured at 1.3 from the ground
H = total height

For trees with 2 or more stems, biomass was computed by calculating and

adding the biomass of each stem.

3.2.2.4 Biomass Computation per Age Class

Total above ground biomass of trees per sample plots were

multiplied by the number of trees per plot. Then, the biomass from all sample plots
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per age class was added to represent the biomass for each age class. The biomass was

then converted to tons/hectare.

3.2.2.5 Carbon Content
Secondary data for the average carbon content of leaf, stem and
branch of E. camaldulensis Dehnh. at 45% was adapted from the study of Sermpong
and Chongrak (2002) which is consistent with the default value of carbon content for
all species specified by IPCC. The carbon content value was used to determine the

carbon density for all age classes of Eucalyptus plantation.

3.2.2.6 Carbon Storage and Sequestration Capacity per Age Class
Carbon density or the amount of carbon stored by each age class
was determined using the following equations adapted from the study conducted by
Sales (2004):
Carbon density = Biomass t x %C

Where:

Carbon density total amount of carbon stored by each age class

expressed as tons of C per hectare (t C/ha)

Biomass total above ground biomass for each age class (ton/ha)

9%C = carbon content at 45%

The rate of carbon sequestration or the quantity of carbon
accumulated per year for each age class was determined using the following equation

(Sales, 2004):

carbon density

Carbon sequestration =
age

Where:
Carbon sequestration = amount of carbon sequestered by each age class
expressed as tons of C per hectare (t C/ha)
Carbon density = total amount of carbon stored by each age class
expressed as tons of C per hectare (t C/ha)
Age = age of tree
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3.2.2.7 Carbon storage and sequestration capacity of Eucalyptus

plantation in Sra Kaew
From the computed biomass, carbon sequestration and storage
capacity of each age class of Eucalyptus plantation, the capacity of Eucalyptus
plantation for the province of Sra Kaew was computed. Area for each age class per
Amphoe derived from the output map of classification system was used to determine
the storage and sequestration capacity of Eucalyptus plantation of the whole province
of Sra Kaew. Carbon storage and sequestration capacity of age classes 1 — 5 per
Amphoe were computed by multiplying the area for each age class by the quantity of
carbon stored and sequestered per age class. Then, the total carbon storage and
sequestration capacity per age class was determined by getting the sum of carbon

storage and sequestration capacity of each age class from all Amphoes.
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CHAPTER IV
RESULTS

4.1 Image Pre-Processing

Band 1-5, and 7 of LANDSAT-5 TM image for path/row 128/50 and 128/51
were used in data processing. The 7 bands of the LANDSAT-5 image were mosaic
prior to analysis. Then the image has been masked to Sra Kaew provincial boundary

as shown in Figure 4-1 and used for the next step in data analysis.

4.2 Area Identification of Eucalyptus Plantation

Area of Eucalyptus plantations were identified using hybrid interpretation that
includes two approaches: 1) visual and 2) computerized. Hybrid interpretation used a
combination of visual and computerized technique wherein in visual interpretation
plantation areas were identified based on the shade and tone of the pixels comprising
the Eucalyptus plantation. The color of pixels covering Eucalyptus plantation
appeared in various shades of pink in the LANDSAT image. Moreover, ground truth
data aided in the visual interpretation between Eucalyptus and non-eucalyptus
plantation. Thus, Eucalyptus plantations were delineated from non-eucalyptus area.
The computerized technique of FEucalyptus plantation identification employed
supervised classification using maximum likelihood classification. In this technique
the Eucalyptus plantations were further classified into age classes 1, 2, 3, 4 and 5

based on 5 years rotation age or utilization of Eucalyptus in Thailand.

Other techniques were also proposed to classify Eucalyptus plantation. The
techniques include age class model developed from the integration of NDVI, WI and

BI, and logical operation.
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Sra Kaew Province, 2007
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4.2.1 Image Analysis and Classification
The pre-processed image shown in Figure 4-1 was used to delineate
Eucalyptus plantation from non-eucalyptus area as shown in Figure 4-2. Only
Eucalyptus plantation areas were masked and digitized. Visual interpretation aided
with ground truth data was used to digitize the image. Then, the image was used to
classify Eucalyptus plantation into age classes using maximum likelihood

classification, age class model and logical operation.

Vegetation indices that include Normalized Difference Vegetation Index
(NDVI), Bare Soil Index (BI) and Water Index (WI) were also used for better

classification of the Eucalyptus plantation into age classes.

Normalized Difference Vegetation Index (NDVI), Bare Soil Index (BI) and
Water Index were computed using the Model Maker in the Spatial Modeler Language
of ERDAS Imagine 8.7 software. The Spatial Modeler Language is a modeling
language linked internally with Model Maker to execute operations specified in the
graphical model. The details of various models and the vegetation indices used in the

study are described and illustrated as follows:

Normal Difference Vegetation Index (NDVI) model

The model was formulated to calculate Normalized Difference Vegetation
Index using two spectral bands of the LANDSAT-5 TM image. Visible red
reflectance (RED band or LANDSAT TM band 3) and near infrared (NIR band or
LANDSAT TM band 4) regions were utilized in the model. The relationship of these

two bands in terms of NDVI is illustrated by the following equation:

_ (NIR-RED)

NDVI=
(NIR + RED)
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in Sra Kaew Province, 2007
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Using the Model Maker in the Spatial Modeler, the NDVI equation was used
in the graphical model to compute the NDVI value of each pixel, as shown in Figure
4-3. NDVlI is used to delineate vegetation from non-vegetation area and also denotes
the amount of vegetation present in an area. NDVI near to 1 means dense vegetation
and the presence of high biomass while NDVI near 0 signifies sparse vegetation and

near -1 NDVI denotes non-vegetation area.

The result of the NDVI model yielded values of 0.14 — 0.29, 0.25 — 0.38,
0.21 - 0.43, 0.26 — 0.38 and 0.21 — 0.37 for age class 1, 2, 3, 4 and 5, respectively.
The values obtained showed that age class 3 has the highest NDVI among the 5 age
classes. The high NDVI for age class 3 could be attributed to the spacing of trees in
the plantation wherein trees were spaced at Imx1mx3m. The close spacing of trees

resulted to dense vegetation and thus high NDVL.

INPUT RASTER

nl_prompt_user

$n1_prompt_user(4] $n1_prompt_uzer(4]

n3_memony Ny _memong

n11_ndvi_prompt_user

Figure 4-3 Normalized Difference Vegetation Index (NDVI) model
by Spatial Modeler Language



Catherine Onida Igesias Results / 44

Bare Soil Index (BI) model

The Bare Soil Index model was designed to aid in age class classification by
differentiating soil from plant cover. Further, BI helps to separate vegetation density
into sparse canopy, dense canopy and to a barren area devoid of vegetation since high
BI denotes bare soil while low BI signifies the presence of vegetation. BI together

with NDVI is useful in the assessment of the density of vegetation present in an area.

Bare soil index was computed using four spectral regions in LANDSAT-5
TM image that includes Band 1, 3, 4 and 5 corresponding to BLUE, RED, Near
Infrared (NIR) and Shortwave Infrared (SIR) regions, respectively. The index was
computed as follows:

1= (Band 5+ Band 3) - (Band 4 + Band 1)

= x100+100
(Band 5+ Band 3) + (Band 4 + Band 1)

The BI equation was used in the Model Maker to compute BI value for each
pixel in the LANDSAT image covering Sra Kaew. Figure 4-4 shows the diagram of
the BI model. The result of the graphical model gave BI of 83.39 — 99.03, 82.05 -
91.16, 68.42 — 86.79, 68.44 — 83.13, and 75.4 — 91.11 for age class 1, 2, 3, 4, and 5,

respectively.

Figure 4-4 Bare Soil Index (BI) model by Spatial Modeler
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The result of the BI model implies that age class 3 has dense vegetation while
age class 1 has lesser vegetation among the age classes. The result from the BI model
is similar with that of NDVI. Both BI and NDVI classify age class 3 with dense

vegetation while age class 1 with sparse vegetation.

Water Index (WI) model

The Water Index model was incorporated with the Normalized Difference
Vegetation Index and Bare Soil Index for better classification of age classes of
Eucalyptus plantation. Water Index measures the moisture present in the vegetation
and soil. WI utilized two spectral bands, band 2 (GREEN band) and band 5
(Shortwave Infrared band) of LANDSAT TM. The relationship of these two bands is
defined by the following equation:

_ Band 2

WIl=
Band 5

The WI equation was used to develop the Water Index model using the
Model Maker in Spatial Modeler Language. Figure 4-5 shows the diagram of the WI
model. Result of the model showed values of WI ranging from 0.37 — 0.52, 0.39 —
0.48, 0.46 — 0.75, 0.51 — 0.77, and 0.43 — 0.56 for age class 1, 2, 3, 4 and 5

respectively.

IMFUT FaSTER

11 _wi_prompt_user

Figure 4-5 Water Index (WI) model by Spatial Modeler
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4.2.2 Age Class Classification by Maximum Likelihood Classification
Supervised classification using maximum likelihood classification was
specifically used to classify Eucalyptus plantation into age classes. Training areas
based on ground truth data were established on plantations representing an age class.
The classifier in ERDAS 8.7 then run the process and classify the Eucalyptus
plantation into age class 1, 2, 3, 4 and 5. Unclassified Eucalyptus plantations were
designated as age class >5. Figure 4-6 shows the age class map using maximum

likelihood classification.

4.2.3 Age Class Classification by Age Class Model
Values from band ratio indices (NDVI, BI and WI) were used to developed
regression model that best describes the age class of Eucalyptus plantation. Multiple
regression in Microsoft Excel was performed using a combination of one or more
indices to determine the best fit equation for all age classes. The linear model that best
described age class used a combination of NDVI, BI and WIL. The best fit equation
was selected based on the model with the highest Coefficient of Determination (R?)

and least Standard Error (SE).

The models developed are presented in Appendix Table A. The best linear
regression model for all age classes is illustrated by the following equation:

e Age class model

Age =55.12 + 0.10NDVI - 0.45BI — 27.94W1 R*=0.80

The age class model was used in the Model Maker of Spatial Modeler
Language of ERDAS 8.7. The result of the model yielded maximum and minimum
values of 52.65 and -22.21, respectively. The values were reclassified based on range
and standard deviation. Age class map based on these reclassification yielded three
age classes only, thus a proposed range was introduced to reclassify the values. A
proposed range for age class 1, 2, 3, 4, 5 and greater than 5 years were -22.21 — 1.99,
2.0 - 299, 3.0 - 3.99, 4.0 — 4.99, 5.0 — 5.99, and >6.0, respectively were used to
reclassify the resulting image from the age class model. Figure 4-7 shows the age

class map after reclassification of values.
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Figure 4-6 Classification result by maximum likelihood classification
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Figure 4-7 Classification result by age class model
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4.2.4 Age Class Classification by Logical Operation

Logical operation for age class classification was carried out to provide
comparison in terms of accuracy of the different age class classification system. The
logical operation used values of NDVI, BI and WI for each age class in the
classification. The condition for age class classification was determined based on the
threshold values of NDVI, BI and WI for each age class. Figure 4-8, 4-9, 4-10, 4-11
and 4-12 show the condition in age class classification using the threshold values from
NDVI, BI and WI. Then, the age class map using logical operation is shown in Figure
4-13.

P ndviz 014
D ndvi<=029
P bi> 2339
P hi<=99.03
P owiz 037
2 wi<=D.52|

Figure 4-8 Condition for age class 1 classification

. Agel I mr Age]

P ndviz 025

P novi<=0.38

D bi> 8205
P hi«=91.16
P wic=048

Figure 4-9 Condition for age class 2 classification

Aged I| e A el
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D ndviz 0.21

D novi <= 043
D bi>ER42

D bi<= 8679

Aged I| m Aged

D wiz 046

D wic=075

Figure 4-10 Condition for age class 3 classification

P ndvi> 026

P nvi <= 038

P hix 6844

P hic=83132

P wiz 05

. Aged | e Aged

D wic=077

Figure 4-11 Condition for age class 4 classification

D iz 0.21

D i =037

D hix 754

.AgeEl o Ageh
D bi<=91.11
D iz 043
D wi<=05F

Figure 4-12 Condition for age class 5 classification
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Figure 4-13 Classification result by logical operation
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4.2.5 Accuracy Assessment

A total of 120 sample points for all age classes were selected from the
ground truth data taken in the last week of July 2007. These sample points were used
to assess the accuracy of the age class classification based on maximum likelihood
classification, age class model and logical operation. Results were presented in
percentage of each age class classification. The accuracy for maximum likelihood
classification for age classes 1 — 5 were 84.0%, 90.0%, 40.0%, 92.0% and 72.0%,
respectively (Table 4-1). For age class model, an accuracy of 88.0%, 70.0%, 56.0%,
56.0% and 36.0% for age classes 1 -5, respectively were obtained (Table 4-2). While
the logical operation gave percentage of 80.0%, 60.0%, 92.0%, 60.0% and 68.0% for

age classes 1, 2, 3, 4 and 5, respectively.

Table 4-1 Eucalyptus plantation age class confusion matrix of maximum likelihood

classification and ground truth.

Maximum Likelihood Classification
Unclassified | Agel | Age2 | Age3 | Aged4 | Age5 | Overall

Age 1 2 21 2 0 0 0 25
= Age 2 0 0 18 0 2 0 20
E Age 3 0 1 | 20 0 3 25
% Age 4 0 0 0 0 23 2 25
S | Ages 0 2 1 1 3 18 25

Overall 2 24 20 21 31 22 120
% Accuracy 0.0 84.0 90.0 80.0 92.0 72.0 83.33

Source: Analysis

Figures 4-6, 4-7 and 4-8 show the classification results of the three
methods used in the study for age class classification. Accuracy of age class
classification from maximum likelihood classification, age class model and logical
operation were compared with ground truth data. Results showed that maximum
likelihood classification provided an overall accuracy of 83.33% while 60.83% for age
class model. The logical operation has an overall accuracy of 72.50%. Age class

classification by maximum likelihood classification yielded the highest accuracy as
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compared to age class model and logical operation. The least accuracy for age class
classification was observed in age class model. In general, maximum likelihood
classification was higher by 22.5% and 10.83% from age class model and logical
operation, respectively. While logical operation was higher by 11.67% from the age
class model. Further, age class 1 shows consistent accuracy from the three

classification system than the other age classes.

Table 4-2 Eucalyptus plantation age class confusion matrix of age class model and

ground truth.
Age Class Model Classification
Unclassified | Agel | Age2 | Age3 | Age4 | Age5 | Overall

Age 1 0 22 1 2 0 0 25
< Age2 0 0 14 4 2 0 20
& | Age3 2 1 3 14 4 I 25
% Age 4 1 1 1 6 14 2 25
S | Ages 0 0 3 5 8 9 25

Overall 3 24 22 31 28 12 120
% Accuracy 0.0 88.0 70.0 56.0 56.0 36.0 60.83

Source: Analysis

Table 4-3 Eucalyptus plantation age class confusion matrix of logical operation and

ground truth.
Logical Operation
Unclassified | Age 1 Age2 | Age3 | Age4 | AgeS5 | Overall

Age 1 4 20 0 1 0 0 25
o Age?2 1 4 12 3 0 0 20
E Age 3 1 1 0 23 0 0 25
% Age 4 1 5 0 4 15 0 25
S | Ages 0 2 3 3 0 17 25

Overall 7 32 15 34 15 17 120
% Accuracy 0.0 80.0 60.0 92.0 60.0 68.0 72.50

Source: Analysis
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4.2.6 Eucalyptus Plantation Area per Age Class

The area of each age class of Eucalyptus plantation was calculated based
on the output map of the maximum likelihood classification summarized in table 4-3.
The age class map from maximum likelihood classification was selected since it has
the highest accuracy among the classification techniques. From the output map
plantation areas unclassified as either age class 1 to 5 were identified and classified as
age class >5, thus its area was also computed. The total area of Eucalyptus plantation
in Sra Kaew was computed at 26,708.89 hectares located mostly in Amphoe Sra Kaew
and Amphoe Wattana Nakhon. While the least area of Eucalyptus plantation was
found in King Amphoe Khoksung, King Amphoe Wang Sombun, Amphoe Khlong
Hat, and Amphoe Taphaya. Based on the analysis, Eucalyptus plantation covers
3.71% of the total area of Sra Kaew. Compared with the area of Eucalyptus plantation
in 1999, the result showed an increase in Eucalyptus plantation area by 2,677.64
hectares from that of 1999 which was 24,031.25 hectares (DEQP, 1999).

Table 4-4 Eucalyptus plantation age class area by maximum likelihood classification.

Age class Agel Age2 Age3 Aged AgeSs Age>5 Total Percent
ha 617.30 360.32 112898 262.93  248.40 72.47  2690.40
Aranyaprathet
Percent 13.64 8.37 10.99 8.12 8.14 5.48 10.07  10.07
ha 468.94  253.74  1481.08 218.15 165.38 22.99  2610.29
Khao Chakan
Percent 10.36 5.90 14.42 6.74 5.42 1.74 9.77 9.77
ha 9.94 86.01 390.94 4.08 38.24 0.00 529.20
Khlong Hat
Percent 0.22 2.00 3.81 0.13 1.25 0.00 1.98 1.98
ha 971.99 1098.30 2769.81 1903.35 149595 996.26  9235.65
Sra Kaew
Percent 21.48 25.52 26.97 58.81 49.03 75.33 34.58 34.58
ha 34130  225.39 108.73 0.00 64.84 0.00 740.25
Taphaya
Percent 7.54 5.24 1.06 0.00 2.13 0.00 2.77 2.77
Wang Nam ha 24.24 17499  1259.14 127.86 2691 14528 1758.41
Yen Percent 0.54 4.07 12.26 3.95 0.88 10.99 6.58 6.58
Wattana ha 1891.64 1842.50 298396 646.79 1009.20 84.08  8458.16
Nakhon Percent 41.80 42.82 29.06 19.98 33.08 6.36 31.67 31.67
ha 124.88 59.99 2.44 0.00 0.00 0.00 187.31
Khoksung
Percent 2.76 1.39 0.02 0.00 0.00 0.00 0.70 0.70
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Table 4-4 Eucalyptus plantation age class area by maximum likelihood classification

(continued).
Age class Agel Age2 Age3 Aged AgeS Age>5 Total Percent
ha 75.38  202.10 144.79 73.44 2.11 1.40 499.22
Wang Sombun -
Percent 1.67 4.70 1.41 2.27 0.07 0.11 1.87 1.87
ha 4525.61 4303.34 10269.87 3236.60 3051.03 132248 26708.89
Grand Total 100.00

Percent 16.94 16.11 38.45 12.12 11.42 4.95 100.00

Source: Analysis
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Figure 4-14 Comparison of Eucalyptus plantation age class area per district in

Sra Kaew province by Maximum Likelihood Classification

Figure 4-9 shows the comparison of area per age class from the different
Amphoes in Sra Kaew. In general, age class 3 has the highest percentage (38.45%)

in terms of area among the different age classes in Sra Kaew followed by age class 1
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(16.94%) and age class 2 (16.11%). Age class >5 has the least area (4.95%) in the
province which could be attributed to the utilization and rotation length of Eucalyptus

in Sra Kaew.

4.3 Carbon Storage and Sequestration Capacity of Eucalyptus Plantation

4.3.1 Carbon Storage and Sequestration per Age Class
Based on the data collected from 100 sample plots for all age classes, the
biomass, carbon storage and sequestration capacity of Eucalyptus plantation were
computed. The average diameter and height of trees for age classes 1 — 5 is shown in
Appendix A. The carbon stored and sequestered by Eucalyptus was dependent on the
amount of biomass produced by the plantation. Table 4-5 shows the capacity of

different age classes of Eucalyptus plantation to store and sequester carbon.

Table 4-5 Carbon storage and sequestration of Eucalyptus plantation age class 1 — 5.

Age Class Total Biomass Carbon storage Carbon Sequestration
(t/ha) (t C/ha) (t C/halyr)
1 3.74 1.68 1.68
2 20.20 9.09 4.55
3 34.66 15.60 5.20
4 56.94 25.62 6.41
5 57.55 25.90 5.18

Source: Analysis

The carbon stored and sequestered for different age classes of Eucalyptus
plantation varies. Eucalyptus plantation had total storage of 1.68 tons C/ha from age
class 1 to 25.90 tons C/ha for age class 5. Age class 5 has the highest capacity to store
carbon since its biomass was also high at 57.55 tons per hectare while age class 1 has
the least capacity among the age classes at 1.68 t C/ha. From age class 1 to age class 5,
a rapid increase in biomass was recorded and thus its storage capacity due to the

characteristic of Eucalyptus for fast growth.
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Based on the biomass change, the average annual carbon accumulation or
carbon sequestration of the Eucalyptus plantation is 4.83 tons C/ha/year. Age class 4
has the highest capacity to sequester carbon annually at 6.41 tons C/ha/year while age
class 1 has the least capacity at 1.68 tons C/ha/year. Capacity of the plantation to
sequester starts to decline as the rotation age is achieved like the case of age class 5.
This can be explained by the trend in tree growth that as the tree reached its rotation
age, its growth starts to decline resulting to less carbon sequestered per year. If the

biomass is kept in the plantations it will continue to store carbon but its sequestration

rate will decrease as trees grow old.

4.3.2 Carbon Storage and Sequestration Capacity of Eucalyptus Plantation

in Sra Kaew

Table 4-6 Total biomass, carbon storage and sequestration capacity of age class 1-5 in

Sra Kaew Province.

Age class Agel Age2 Age3 Aged Ages Age>5 Total Percent
ha 617.30 360.32 1128.98 262.93 248.40 7247 2690.40 10.07
Biomass 2308.70 7278.46 39130.45 14971.23 14295.42 4170.65 82154.92 9.17
Aranyaprathet
Cstore 1037.06 3275.31 17612.09 6736.27 6433.56 1876.97 36971.26 9.17
Csequester 1037.06 1639.46 5870.70 1685.38 1286.71 375.39 11894.70 9.59
ha 468.94 253.74 1481.08 218.15 165.38 22.99 2610.29 9.77
Biomass 1753.84 5125.55 51334.23 12421.46 9517.62 1323.07 81475.77 9.10
Khao Chakan
Cstore 787.82 2306.50 23104.85 5589.00 4283.34 595.44 36666.95 9.10
Csequester 787.82 1154.52 7701.62 1398.34 856.67 119.09 12018.05 9.69
ha 9.94 86.01 390.94 4.08 38.24 0.00 529.20 0.02
Biomass 37.18 1737.40 13549.98 232.32 2200.71 0.00 17757.59 1.98
Khlong Hat
Cstore 16.70 781.83 6098.66 104.53 990.42 0.00 7992.14 1.98
Csequester 16.70 391.35 2032.89 26.15 198.08 0.00 2665.17 2.15
ha 971.99 1098.30 2769.81 1903.35 1495.95 996.26 9235.65 34.58
Sra K Biomass 3635.24 22185.66 96001.61 108376.75 86091.92 57334.76  373625.95 41.71
ra Kaew
Cstore 1632.94 9983.55 43209.04 48763.83 38745.11 25803.13  168137.59 41.71
Csequester 1632.94 4997.27 14403.01 12200.47 7749.02 5160.63 46143.34 37.22
ha 341.30 225.39 108.73 0.00 64.84 0.00 740.25 2.77
Biomass 1276.46 4552.88 3768.58 0.00 3731.54 0.00 13329.46 149
Taphaya
Cstore 573.38 2048.80 1696.19 0.00 1679.36 0.00 5997.72 149
Csequester 573.38 1025.52 565.40 0.00 335.87 0.00 2500.18 2.02
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Table 4-6 Total biomass, carbon storage and sequestration capacity of age class 1-5 in

Sra Kaew Province (continued).

Age class Agel Age2 Age3 Aged Age5 Age>5 Total Percent
ha 24.24 174.99 1259.14 127.86 26.91 145.28 1758.41 6.58
Wang Nam Biomass 90.66 3534.80 43641.79 7280.35 1548.67 8360.86 64457.13 7.20
Yen Cstore 40.72 1590.66 19642.58 3275.71 696.97 3762.75 29009.46 7.20
Csequester 40.72 796.20 6547.53 819.58 139.39 752.55 9095.98 7.34
ha 1891.64 1842.50 2983.96 646.79 1009.20 84.08 8458.16 31.67
Wattana Biomass 7074.73 37218.50  103424.05 36828.22 58079.46 4838.80 247463.77 27.63
Nakhon Cstore 3177.96 16748.33 46549.78 16570.76 26138.28 2177.67 111362.77 27.62
Csequester 3177.96 8383.38 15516.59 4145.92 5227.66 435.53 36887.04 29.75
ha 124.38 59.99 2.44 0.00 0.00 0.00 187.31 0.70
Khoksung Biomass 467.05 1211.80 84.57 0.00 0.00 0.00 1763.42 0.20
Cstore 209.80 545.31 38.06 0.00 0.00 0.00 793.17 0.20
Csequester 209.80 272.95 12.69 0.00 0.00 0.00 495.44 0.40
ha 75.38 202.10 144.79 73.44 2.11 1.40 499.22 1.87
Wang Biomass 281.92 4082.42 5018.42 4181.67 121.43 80.57 13766.44 154
Sombun Cstore 126.64 1837.09 2258.72 1881.53 54.65 36.26 6194.89 1.54
Csequester 126.64 919.56 75291 470.75 10.93 7.25 2288.03 1.85
ha 4525.61 4303.34 10269.87 3236.60 3051.03 1322.48 26708.89 100.00
- Biomass 16925.78 86927.47  355953.69  184292.00  175586.78  76108.72  895794.45 100.00
Cstore 7603.02 39117.36  160209.97 82921.69 79021.68 3425223  403125.96 100.00
Csequester 7603.02 19580.20 53403.32 20746.61 15804.34 6850.45 123987.93 100.00

Source: Analysis

Since areas for Eucalyptus plantation age class >5 were identified and
classified in the output map of maximum likelihood classification, the biomass, carbon
storage and sequestration capacity for this age class was also computed. Regression
model using values from age class 1 to 5 were used to calculate the biomass of age
class >5. The model overestimated the biomass for age class >5, thus the biomass of
age class 5 was used in the computation for the biomass of age class >5. This was
justified since the growth of trees is maintained as its rotation age is achieved as

exemplified by the S-curve for tree growth.

In general, the Eucalyptus plantation in Sra Kaew has a total area of
26,708.89 hectares. This area has a total biomass of 895,794.45 tons. The total area
of Eucalyptus plantation stores carbon at 403,125.96 tons. If the plantation maintains

the standing biomass, then the amount of stored carbon is increased. Annually, the
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total area of FEucalyptus plantation in Sra Kaew has the capacity to sequester

123,987.93 tons carbon.

Using the computed value, the Eucalyptus plantation in Sra Kaew has the
capacity to remove carbon dioxide from the atmosphere at 455,035.70 tons (1 tC =
3.67 CO,) per year. Thus, the Eucalyptus plantation can be useful to reduce the

increasing amount of carbon dioxide in the atmosphere.
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CHAPTER V
CONCLUSION AND DISCUSSION

5.1 Conclusion

The study using remote sensing was undertaken in order to classify age classes
of Eucalyptus plantation and to quantify the capacity of the plantation to store and
sequester carbon. The main data source for the analysis was LANDSAT-5 TM dated
February 08, 2007. Image identification and classification on satellite imageries were
performed based on visual and computerized technique and with the use of band ratio
indices of Normalized Difference Vegetation Index (NDVI), Bare Soil Index (BI) and
Water Index (WI). The values from the indices were used to generate age class model
using multiple regression that best described the age class. Based on the model
generated, the best fit equation having the least standard error and with the highest
Coefficient of Determination was the integration of all indices. Therefore, the best fit
equation that describes age class is the integration of NDVI, BI and WI. Logical
operation in age class classification was also carried out to provide better comparison

in terms of classification accuracy of the classification approaches applied in the study.

Maximum likelihood classification, age class model and logical operation were
methods used in the classification of Eucalyptus plantation into age classes.
Maximum likelihood classification yielded the best result for age class classification
based on accuracy assessment at 22.50% and 10.83% higher than the developed age
class model and logical operation, respectively. Therefore, it can be concluded that
maximum likelihood classification is better in classifying age classes in the Eucalyptus
plantation than the other methods. Further, calibration and refinement of the model
and considering a well representative sample points around the province could provide

a good model for age class classification.
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Based on maximum likelihood classification, age class 3 has the largest area
while age class >5 have the least area. In terms of carbon stored and sequestered, it
can be concluded that the capacity of plantations to store and sequester carbon is
dependent on its biomass and age of plantation. Plantations that support high amount
of biomass store large quantity of carbon. And the trend in carbon sequestration for
Eucalyptus plantation increased until its rotation age was achieved. Thus, using
remote sensing the amount of carbon stored and sequestered by Eucalyptus plantation
for the province of Sra Kaew was quantified. Therefore, the Eucalyptus plantation in
the province can be used to accumulate and reduced the carbon dioxide emitted to the
atmosphere. Since Eucalyptus trees from these plantations are raw materials for wood
chips and paper industry, then the carbon accumulated by trees are kept in the paper

and other by-products making the plantation as sink of carbon.

5.2 Discussion

5.2.1  Result’s Discussion

Eucalyptus plantation in Sra Kaew province are numerous, scattered
and ranging from small patches such as in small farms to large tract of plantations
owned and managed by private agencies. Because of the difference in ownership,
management practices also differ that affect the accuracy of area identification and
biomass calculation. For instance, spacing of trees was observed to vary from site to
site and even within the same plantation area. Some trees have close spacing at
Imx1mx1m and 3mx3m while some trees were spaced at 3mx5m. The difference in
spacing was attributed to different management practices like ease in weeding
specially for large area of Eucalyptus plantation where tractors are employed. Another
factor identified that affects the accuracy of classification was the species planted
throughout the province. It was observed during data collection that species planted
also varies from area to area mostly using cloned Eucalyptus. It should be noted that
species representing an age class were composed of different species of Eucalyptus.
These species might have different spectral reflectance thereby affecting the accuracy

of classification.
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Planting date for each age class was also different thus, in classifying
trees the exact age was not necessarily 1, 2 or 3 years. For instance, age class 1 has
trees ranging from 1 year to less than 2 years. Then trees age 2 to less than 3 years
from planting year were classified as age class 2. These conditions led to difficulty in
accurately identifying and classifying age classes from satellite image since the

spectral signature for trees in each age class were almost similar.

Likewise, identifying and classifying age classes using age class model
developed from regression analysis was difficult since the value from the three
vegetation indices used were closely similar for different age classes. Therefore, the
range of age class classification which is close like 1, 2, 3, 4, and 5 could affect the
accuracy of classification since the spectral reflectance of these age classes does not

differ significantly from each other.

5.2.2  Recommendation for Further Research

Maximum likelihood classification, age class model and logical
operation can be used to describe and classify the age classes of Eucalyptus plantation,
however problems and limitations with the use of these methods aroused and need to
be verified and improved. Thus, it is recommended for further research the following
areas:

1) Consideration of other satellite imagery aside from LANDSAT-5
TM like IRS and IKONOS.

2) Application of the study process using high resolution imagery
integrated with GIS techniques might provide better and detailed result in age class
classification.

3) Use of study process in other areas could provide basis of
comparison in terms of accuracy.

4) Sample points collected from different dates like an interval of 6
months might provide basis of comparison for accuracy of age class classification.

5) Climatic data such as precipitation, soil moisture, temperature, and
others are better incorporated with vegetation indices to classify age class of

Eucalyptus plantation and in the analysis of biomass produced by each age class.
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6) To consider wide range for each age class like 1 — 2 and 3 — 4 years
old classified as 1 and 2, respectively since the NDVI, BI and WI does not vary
significantly with 1 year age class interval.

7) Further calibration and refinement of the age class model developed
from integration of NDVI, BI and WI might provide better than 60.83% classification

accuracy.
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APPENDIX A
EUCALYPTUS PLANTATION OF EACH AGE CLASS
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Ave. DBH = 3.3cm
Ave. Height = 4.6m
Ave. No. of trees/plot = 128

Figure A-1. Age class 1 plantation

Ave. DBH =7.0cm
Ave. Height = 9.8m
Ave. No. of trees/plot = 158

Figure A-2. Age class 2 plantation
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Ave. DBH = 9.1cm
Ave. Height = 12.9m
Ave. No. of trees/plot = 148

Ave. DBH = 10.5cm
Ave. Height = 13.4m
Ave. No. of trees/plot = 155

Figure A-4. Age class 4 plantation



Catherine Onida Iglesias Appendix / 72

Ave. DBH = 12.0 cm
Ave. Height = 16.8 m
Ave. No. of trees/plot = 118

Figure A-5. Age class 5 plantation
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APPENDIX B
BIOMASS, CARBON STORAGE AND SEQUESTRATION
OF TREES ON SAMPLE PLOTS



Catherine Onida Iglesias Appendix / 74

District : Wattana Nakhon
Age Class : 1

Species E. camaldulensis
Spacing Smx1.5m
Remark Re-plantation

Table B-1 Average biomass, Cdensity and Csequestration of age class 1.

Age Plot Total Biomass Carbon density Carbon'
class sequestration

1 523.64 235.65 235.65
2 130.56 58.59 58.59
3 139.91 62.87 62.87
4 44490 200.09 200.09
5 299.77 134.99 134.99
6 157.05 70.76 70.76
7 267.06 120.38 120.38
8 703.30 316.39 316.39
9 278.31 125.25 125.25

1 10 395.73 178.09 178.09
11 343.16 154.30 154.3
12 185.52 83.45 83.45
13 408.05 183.74 183.74
14 228.54 102.86 102.86
15 266.76 120.00 120
16 658.88 296.54 296.54
17 662.75 298.09 298.09
18 127.06 DITE33 57.33
19 250.44 112.92 112.92
20 260.02 117.03 117.03

ton/ha 3.74 1.68 1.68
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District : Wattana Nakhon

Age Class : 2

Species : K51 (plot 1-10) K55 (plot 11-20)
Spacing : Imx1mx3m

Remark : Re-plantation

Table B-2 Average biomass, Cdensity and Csequestration of age class 2.

Age Plot Total Biomass Ca'rbon Carbon.
class density/plot sequestration
1 2533.79 1140.19 570.09
2 1598.22 719.13 359.58
3 1996.75 898.60 449.3
4 2995.52 1347.97 673.94
5 3011.71 1355.23 677.6
6 3742.24 1683.91 841.95
) 7 1743.10 784.40 392.23
8 2164.45 973.93 487
9 2992.85 1346.98 673.47
10 2801.66 1260.75 630.41
11 2650.91 1192.96 596.5
12 1955.45 879.97 439.95
13 2189.09 985.21 492.62
14 2160.08 971.78 485.92
15 1824.55 821.10 410.59
ton/ha 20.20 9.09 4.54
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District : Wattana Nakhon

Age Class : 3

Species : AS (plot 1-12) A103 (plot 13-20)
Spacing : Imx1mx3m

Remark : Re-plantation

Table B-3 Average biomass, Cdensity and Csequestration of age class 3.

Age Plot Total Biomass Carbon density Carbon.
class sequestration
1 2481.60 1116.89 372.31
2 2821.49 1269.75 42324
3 2011.44 905.16 301.75
4 3144.79 1415.14 471.73
5 2771.26 1247.10 415.70
6 2414.43 1086.48 362.15
7 3201.34 1440.59 480.21
8 3508.70 1578.96 526.33
9 4049.52 1822.30 607.44
3 10 2428.45 1092.83 364.27
11 2468.07 1110.63 370.21
12 2930.02 1318.50 439.51
13 2945.39 1325.28 441.71
14 2673.32 1203.04 401.00
15 3491.96 1571.33 523.74
16 3950.10 1777.69 592.54
17 3953.56 1779.08 593.05
18 2838.61 1277.26 425.74
19 5009.60 2254.23 751.44
20 3299.53 1484.68 49491
ton/ha 34.66 15.60 5.20
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District : Wattana Nakhon

Age Class : 4

Species : K51

Spacing : ImxImxImx 3m x 5m
Remark : Re-plantation

Table B-4 Average biomass, Cdensity and Csequestration of Age class 4.

Age Plot Total Biomass | Carbon density Carbon.
class sequestration
1 5403.63 2431.68 607.94
2 4745.92 2135.65 533.89
3 5105.30 2297.48 574.36
4 6911.06 3110.06 777.54
5 5309.64 2389.22 597.29
6 6390.62 2875.61 718.91
7 5574.98 2508.74 627.16
8 5322.67 2395.17 598.78
9 5768.57 2595.78 648.93
4 10 5730.82 2578.93 644.72
11 4475.81 2014.13 503.48
12 3979.13 1790.68 447.67
13 5336.04 2401.12 600.26
14 4223.34 1900.42 475.12
15 6698.35 3014.32 753.60
16 4703.47 2116.70 529.17
17 4056.69 1825.59 456.42
18 4423.63 1990.89 497.72
19 4086.29 1838.89 459.72
20 4243.34 1909.55 477.40
ton/ha 56.94 25.62 6.41
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District : Wattana Nakhon

Age Class : 5

Species : A103 (plot 1-10) A101 (plot 11-20)
Spacing : 3mx3m

Remark : Re-plantation

Table B-5 Average biomass, Cdensity and Csequestration of age class 5.

Age class Plot Total Biomass Carb.on Carbon'
density sequestration
1 5832.72 2624.64 524.95
2 5758.15 2591.38 518.27
3 5214.42 2346.38 469.29
4 5210.95 2346.41 468.98
5 5865.07 2639.28 527.86
6 5503.82 2476.77 495.33
7 5322.55 2395.20 479.04
8 4787.85 2154.66 430.95
9 3267.24 1470.30 294.08
5 10 4939.95 2222.95 444.58
11 6666.52 3000.04 600.02
12 4192.21 1886.48 377.29
13 5499.47 2474.94 494.99
14 4585.70 2063.51 412.71
15 4177.16 1879.71 375.95
16 5809.94 2614.45 522.91
17 6311.28 2840.02 567.98
18 4348.98 1956.93 391.36
19 4913.77 2211.18 442.26
20 5387.04 2424.17 484.82
ton/ha 57.55 25.90 5.18
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APPENDIX C
COMPARISON OF AGE CLASS MODELS
USING REGRESSION ANALYSIS
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