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ABSTRACT

 The objectives of this study were to examine carbon stocks in soil of mixed deciduous 

forest and teak plantation of 6, 15 and 24 years of age, as well as determining, the relationship 

between soil organic carbon and the properties of soil, namely, bulk density, available water 

content in various depths and finally, to examine the spatial distribution and variability of soil 

organic carbon in teak plantations of 6, 15 and 24 years of age. Pearson correlation and Multiple 

regression were used for the statistical analysis. Geographic Information System (GIS) ARCVIEW 

was also used to prepare soil organic carbon map. The study was conducted in 2 areas; mixed 

deciduous forest at Huay Kha Khaeng Wildlife Sanctuary, teak plantation of Thai Plywood Co., 

Ltd. in Lansak District, Uthaithani Province. The soil samples were collected in September 2003.

Results revealed that soil organic carbon from all sites decreased generally with the 

increasing depth. From the surface soil down to the level of 100 cm. The highest carbon stocks in 

soil were recorded at the 6-year-old teak plantation, followed by the 24 and 15-year-old teak 

plantations and mixed deciduous forest 157.03, 105.67, 78.78 and 70.96 tC/ha  respectively.

As for the relationship between soil organic carbon and properties of soil, the results

showed that soil organic carbon in mixed deciduous forests and teak plantations at any given age 

were significantly higher where bulk density and depth were decreased, and the available water 

content was also higher. The results from the spatial distribution and variability of soil organic 

carbon in teak plantation of 6, 15 and 24 years of age, indicated that these were significantly 

different from one another. The 6-year-old teak plantation had more spatial distribution of soil 

organic carbon than the 24 and the 15-year-old teak plantation. Soil variability in 6,15 and 24 -

year-old teak plantations were 0.59, 0.67 and 0.56, respectively. The dissimilarity of spatial 

distribution of soil organic carbon  may be due to forest fire, forest management and topography.
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บทคัดยอ

 การศึกษาครั้งนี้ มีวัตถุประสงค เพื่อศึกษาปริมาณคารบอนในดินของปาเบญจพรรณธรรมชาติ 
และสวนปาสักช้ันอายุ 6 ป, 15 ป และ 24 ป ตามลํ าดับ  และศึกษาความสัมพันธของอินทรียคารบอนในดินกับ
สมบัติของดินไดแก ความหนาแนนรวมของดิน ปริมาณความชื้นที่พืชใชประโยชนได และความลึก โดยใช
สถิติสัมประสิทธิ์สหสัมพันธ และ การวิเคราะหการถดถอยเชิงพหุคูณ รวมถึงศึกษาการกระจายและความ
แปรปรวนของอินทรียคารบอนในดินของสวนปาสัก ซึ่งจัดทํ าในรูปแผนที่การกระจายคารบอนในดิน โดยใช
โปรแกรม GIS (ARCVIEW) พ้ืนที่ศึกษาทั้งสองแหง ไดแก ปาเบญจพรรณธรรมชาติ เขตรักษาพันธุสัตวปา
หวยขาแขง และสวนปาสัก บริษัทไมอัดไทย จํ ากัด อํ าเภอลานสัก จังหวัดอุทัยธานี เก็บตัวอยางดินในชวง
เดือน กันยายน 2546

ผลการศึกษา พบวา ปริมาณอินทรียคารบอนในดิน ของปาเบญจพรรณและสวนปาสักทุกช้ันอายุ  ลด
ลง เมื่อความลึกของดินเพิ่มมากขึ้น  ที่ระดับความลึก 0-100 เซนติเมตร สวนปาสักช้ันอายุ 6 ป มีปริมาณ
อินทรียคารบอนในดินสูงที่สุด เทากับ 157.03 tC/ha รองลงมาไดแก สวนปาสักช้ันอายุ 24 ป, 15 ป และปา
เบญจพรรณธรรมชาติ ซึ่งมีปริมาณเทากับ 105.67, 78.78 และ 70.96 tC/ha ตามลํ าดับ

ในสวนของความสัมพันธระหวางอินทรียคารบอนในดิน กับสมบัติของดิน พบวา อินทรียคารบอน
ในดินของปาเบญจพรรณ และสวนปาสักทุกช้ันอายุ จะเพิ่มขึ้น เมื่อคาความหนาแนนรวมของดิน และความลึก
ของดินลดลง  ในขณะที่ปริมาณความชื้นที่พืชใชประโยชนได เพิ่มขึ้น

การกระจายของอินทรียคารบอนในดินของสวนปาสักช้ันอายุ 6ป, 15ป และ 24 ป พบวา มีความแตก
ตางกัน โดยการกระจายอินทรียคารบอนในดินของสวนปาสักช้ันอายุ 6 ป มากกวา 24 ป และมากกวา 15 ป ซึ่ง
สวนปาสักช้ันอายุ 6, 15 และ 24 ป มีคาความแปรปรวน เทากับ 0.59, 0.67 และ 0.56 ตามลํ าดับ ความแตกตาง
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CHAPTER 1

INTRODUCTION

1.1 Background and Justification

Increasing of Greenhouse Gases (GHGs) become global  problem which effect 

to global warming. The most important GHGs is carbon  dioxide, according to the 

increasing atmospheric concentration of  carbon dioxide  is effect to the growth of 

50% (1) of total radiative forcing  and also widely effect to natural resource, biological 

resource and human being. As a result, the Intergovernmental Panel on Climate 

Change (IPCC) has been established by the World Meteorological Organization 

(WMO) and the United Nations Environment  Programme (UNEP) in 1988. Its main 

objective was to assess scientific, technical and socio-economic information relevant 

to the understanding of human induced climate change, potential impacts of climate 

change and options for mitigation and adaptation. On 9 May 1992, the world’s 

governments adopted the UN Framework Convention on Climate Change (UNFCCC). 

Many countries have ratified the UNFCCC, Thailand also ratified the convention and 

has actively participated in the convention process. This initial communication is one 

of the obligations of the convention requires of developing countries like Thailand 

(Non-Annex  I  country)  for instance, estimated national greenhouse gases inventory 

from activities of human being (2).

Furthermore, the Conference of  the Parties (COP) sixth session, part two 

agrees that afforestation and reforestation project shall be the only  eligible land use, 

land use change and  forestry project under the clean development  mechanism 

(Article12) during the first commitment period. This mechanism is beneficial on 

developing  countries like Thailand to achieves the sustainable development  and  to 

affirm the obligation of the convention.

Soil  related to forest and carbon dioxide in the atmosphere, soil form a major  

pool in global carbon  cycle (3). It is estimated that the soils contain about 1,200-1,600 
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Pg (see the appendix D) of Carbon in upper 1 m. of soil layer and about 2,376-2,456 

Pg of  Carbon  in the upper 2 m. of soil layer (4,5) in soil organic matter form which is 

the largest on soil carbon pool in  terrestrial ecosystems and  the  recalcitrance that 

associated with the mineral phase. In different of soil condition, carbon storage is also 

different. Pojchanee and Taweesak (6) revealed that some forms of organic carbon can 

be persisted in soil for several thousand years under a certain condition, organo-

mineral complex lasts longer than 6,000 years and organic carbon under water-logging 

remains over 2,500 years. Such information indicates soil can be a major source of 

storage organic carbon for reducing GHGs, but land management such as land use 

change lead to reducing organic carbon.

Land use change occurs quickly, according to more expanding agriculture land 

obviously as the agricultural promotion of  the government policy for export  in the 

past. Land use change data in the past find out Thai forest area is about 33.4% (7) 

mixed deciduous forest, the fraction 2/3 of  total  forest areas  have decreased by 

33.96% of total forest areas (8). Teak also growth in mixed deciduous forest, owing to 

durability of teak. Its characteristics are beautiful colour and reasonable weather 

durability  which being  market demand in and out country. The problem of decreased 

forest areas, teak is the economy timber which have promotion grown the teak  

plantation.

According to, the obligations of the convention Thailand would make the 

National Inventories and soils are an important sink for atmospheric CO2. A 

transformation from forest area to teak plantation which has been encourage is also 

effected the amount of soil organic carbon. Moreover, soil organic carbon data in 

equator zone is limited and Thailand has less studied on it. Thus, the preliminary study 

of carbon storage in soil is an important issue. In addition, being advantage to assess  

aboveground carbon at  the same study site for carbon stock (underground and above 

ground)  in forest ecosystems.
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1.2 Conceptual  Framework

This  study  is carried out to determine the carbon stocks in  mixed deciduous 

forest  and teak plantation of 6, 15 and 24 years old, respectively.  This investigation

selects  the natural mixed deciduous forest which do not disturbed  and  mixed 

deciduous forest changed to  teak plantation of  any ages. Soil family (Coarse-loamy, 

mixed, isohyperthermic, Ultic Haplustalfs) and topography which be the controlled 

factors  were selected. In addition, to study the relationship between  soil organic 

carbon and the properties of  soil, namely; bulk density, available water content and 

depth, to study the spatial distribution and variability of soil organic carbon  in teak 

plantation of any ages. The conceptual framework of the study is as shown in Figure 

1-1.

Figure 1-1   Conceptual Framework

Mixed deciduous forest

Teak plantation
6 years old

Carbon stocks in soil

Teak plantation
24 years old

Teak plantation
15 years old

-Soil family
-Topography
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1.3 Objectives

1. To examine soil carbon stocks in mixed deciduous forest and teak plantation 

of 6, 15 and 24  years of age, respectively.

2. To examine the relationship between soil organic carbon and the properties 

of soil, namely, bulk density, available water content and depth.

3. To examine the spatial distribution and variability of soil organic carbon  in 

teak plantation of 6, 15 and 24 years of age.

1.4   Hypothesis

1. Soil carbon stocks in mixed deciduous forest and teak plantation of any 

ages were different.

2. Soil properties, namely; bulk density and available water content  relate  to  

soil organic carbon.

3. Spatial distribution and variability of soil organic carbon in teak plantation 

of any ages were different.

1.5 Scope of Study

1.5.1 Study  Area

The chosen areas of this study are in mixed deciduous forest at Huay Kha 

Khaeng Wildlife Sanctuary and teak plantation of Thai Plywood Co., Ltd. Lansak 

district, Uthaithani province. According to the Universal Transverse Mercator (UTM) 

grid value, mixed deciduous forest is located at 533000 – 534000 E and 1724000 – 

1725000 N; and teak plantation is located at 542000 – 547000 E and 1711000 – 

1714000 N. The elevation of  the study site is about 200-280 MSL..

1.5.2 Scope of Variable

 To study soil organic carbon in mixed deciduous forest and teak 

plantation which  soil family and topography are controlled.
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1.5.3 Study Duration

 The soil samples  were  collected during the rainy season in September

2003.

1.6 Expected Results

1.  To achieve the carbon stocks in soil in mixed deciduous forest and teak 

plantation of any ages.

2. To understand the relationship between soil organic carbon and soil  

properties, namely; bulk density, available water content and depth.

3. To understand  the spatial distribution and variability  of soil organic carbon 

in teak plantation of any ages.

1.7 Benefits of the Study

1. To achieve carbon stocks in soil in mixed deciduous forest and teak plantations 

and these data is arranged for fundamental data.

2. To achieve the factors related, and effect on soil organic carbon.

3. The data of spatial distribution and variability of soil carbon stock in any ages 

of teak plantation with the facility of GIS (ARCVIEW), distribution of soil 

organic carbon map has been prepared.

4. To take the results of this study assess with the aboveground carbon for carbon 

stocks at the same site in forest ecosystem.

1.8 Definition

The Conference of Parties: The Conference of the Parties is the "supreme 

body" of the Climate Change Convention, that is, its highest decision-making 

authority. It is an association of all the countries that are Parties to the Convention.

Greenhouse Gases: Those gaseous constituents, both natural and 

anthropogenic, which absorb and re-emit infrared radiation. They include carbon 
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dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), 

perflurocarbons (PFCs) and sulphur  hexafluoride (SF6) (9).

Non-Annex I Parties : Developing country Parties. These countries must 

report in more general terms on their actions to address climate change and adapt to its 

effects. The time frame for the submission of their Initial National Communications, 

including their emission Inventories, is less tight than for Annex I Parties and is 

contingent on the receipt of funding from the Convention's  financial mechanism, 

operated by the Global Environment Facility (GEF). Because of this, non-Annex I 

Parties have only recently started to submit their National Communications.
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CHAPTER 2

LITERATURE  REVIEW

2.1 Greenhouse Gases

In recent years, some of  the global  warming  problem  caused  by   increasing

GHGs. As UNEP meaning (9),  GHGs are gas absorbed infrared  ray  in atmosphere. 

UNEP now include 6 important gases which absorb infrared radiation, namely; CO2, 

CH4, N2O and the re-emit infrared radiation were HFCs, PFCs and SF6. CO2 is by far 

the most important gas, according to the higher concentration in the atmosphere from 

280 ppmv in 1950 to 358 ppmv in 1994, about  0.06% per year (10) of this addition  

and the important properties of GHGs can be good absorbed the heat from the 

atmosphere thus getting stronger temperature. The diagram is shown below:

Source : UNEP (9)

Figure 2-1 The Diagram of GHGs

2.1.1 The Emission of the GHGs  in Thailand

Thailand’s emission of GHGs has been made various estimates since the 

mid-1980s. The first official inventory of GHGs was prepared by Thailand 

Development Research Institute (TDRI)  in collaboration with the Thailand 

GHGs

Absorb infrared
radiation

Re-emit infrared
radiation

CO2 CH4 N2O HFCs PFCs SF6



Waetanee  Tangsinmankong                                                                                       Literature Review/8

Environment Institute (TEI) in 1993. The 1994 GHGs Inventory was prepared as 

Thailand’s Initial National Communication in 2000 by Ministry of Science, 

Technology and Environment (MOSTE)  and estimating the 1998 GHGs inventory 

which used the IPCC Revised Guidelines was prepared by Environmental Resources 

Management (ERM) (11). This research refered to the Initial National Communication 

which prepared by MOSTE and it was the latest version in UNFCCC source (on 

February 2004) as follows: the three most significant GHGs, for instance; CO2  CH4  

N2O emitted  in 1994  in Table 2-1, in  addition  any GHGs are HFCs, PFCs and SF6 

have a few emitted 0.5 billion tonnes and 0.27 billion tonnes, respectively. However, 

These gases IPCC did  not indicate directly effected to world temperature.

Table 2-1 The Emission of the Three Most Significant  GHGs in Thailand 

in 1994, Incorporating GWPs and Shares of the Warming Effect (for a Hundred 

year Time Frame)

Gases Emission

(Million Tonnes)

GWPs CO2    Equivalent

(Million Tonnes)

Percentage of

Total Emissions

CO2 202,458.05 1 202,458 70.69

CH4 3,157.57 21 66,598 23.25

N2O 55.86 310 17,317 6.06

Source: MOSTE (12)

The human activities is attributable to emission GHGs, such as burning 

fossil fuels, coal, natural gas and transportation and deforestation or land-use change, 

agriculture that fire crops for soil preparing show by Table 2-2.
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Table 2-2  GHGs Emission from Various Sectors in Thailand in 1994, 

Expressed as Carbon Dioxide Equivalent of Global Warming Potentials (GWPs).

Activities Emissions in

 CO2 Equivalent

(Million Tonnes)

Percentage of

Total

Emission

All Energy 130 45.45

Industrial Processes 16 5.6

Agriculture 78 27.3

Land Use Change & Forestry 62 21.67

Waste 0.7 -

Total 286.7 100

Source: TEI (13)

Table 2-2  shows  the  three sectors which emitted the largest quantities of 

greenhouse gases were energy, agriculture and forestry which the emissions in CO2 

equivalent are 130, 78  and 62 million  tonnes, respectively.

2.2 The Conference of  the Parties (COP)

The Conference of the Parties is the governing body of the Convention, and 

advances implementation of the Convention through the decisions it takes at its 

periodic meetings which held  its ordinary meetings annually.

In part of the developing countries as Thailand (Non-Annex I Parties) 

participate to reduce the effect of Climate change on Kyoto Protocol. The Clean 

development  mechanism (CDM) has been defined under Article 12 of the Kyoto 

Protocol. As COP6 part2 afforestation and reforestation, the only eligible land use 

activities under the CDM and the total amount of certified emission reductions (CERs) 

generated by afforestation and reforestation projects is limited in this first commitment 

period (2008-2112). The purpose of the clean development mechanism shall be to 

assist Parties not included in Annex I in achieving sustainable development and in 

contributing to the ultimate objective of the Convention. In addition, Thailand  has 
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opportunity  to get benefit in any way as the convention, such as knowledge, 

technology, research and development and sustainable development.

The ninth conference of the Parties (COP9) is the latest conference on 1-12 

December 2003, decided to adopt the modalities and procedures for afforestation and 

reforestation project activities under the clean development mechanism contained in 

the annex to this decision, for the first commitment period of the Kyoto Protocol and 

reiterating that the treatment of land use, land-use change and forestry project 

activities under the clean development  mechanism in future commitment periods shall 

be decided as part of the negotiations on the second commitment period.

The definitions of forest, reforestation and afforestation of the Food and 

Agriculture Organization (FAO) (14), shall apply. In addition:

•   Forest  : Land with tree crown cover (or equivalent stocking level) of 

more than 10% and area of more than 0.5 ha. Trees should be able to reach a minimum 

height of 5 m. at maturity in situ. May consist of closed forest formations where trees 

of various storeys and undergrowth cover a high proportion of ground or open forest 

formations with a continuous vegetation cover in which tree crown cover exceeds 

10%.

•  Reforestation  : Artificial establishment of forest on lands that carried

forest before. “artificial establishment” does not necessarily include natural 

regeneration. However, we assume that activity to be included because the separation 

could later be made through the "direct human-induced" clause.

• Afforestation  : Artificial establishment of forest on lands that 

previously did not carry forest within living memory. Note that “natural extension” 

(e.g., abandoning agricultural land without direct planting), which is not included 

under “afforestation,” also contributes to an increase in forest area. We have assumed 

such processes to be part of “afforestation;” their inclusion under Article 3.3 would be 

determined by the “direct human-induced” clause.

Furthermore, a permanent of the certified emission reductions (CERs) 

generated by afforestation and reforestation projects still have a problem. The 

conference adopted the CERs divide to 2 form as follows:
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“Temporary CER” or “ tCER” is a CER issued for an afforestation or 

reforestation project activity under the CDM which, subject to the provisions of 

section K below, expires at the end of the commitment period following the one 

during which it was issued;

“Long-term CER” or “lCER” is a CER issued for an afforestation or 

reforestation project activity under the CDM which, subject to the provisions in 

section K below, expires at the end of the crediting period of the afforestation or 

reforestation project activity under the CDM for which it was issued.

2.3 Clean Development Mechanism (CDM) & Carbon  Credit

Clean Development Mechanism (CDM): Article 12 of the Kyoto Protocol 

provides for the CDM, whereby developed countries are able to invest in emissions 

reducing projects in developing countries to obtain credits to assist in meeting their 

assigned target. However, it does allow countries to use credits obtained from the year 

2000 for the purposes of meeting their assigned amounts. Participation is voluntary, 

and open to private and public entities alike if approved by the Party to the Protocol 

(i.e. the country involved).

 Carbon Credit  are an investor achieves a measurable CO2 reduction in

another country, which can be sold to a country requiring the reduction. Such

investments in energy projects are of interest to the host country because they

contribute to sustainable economic growth. These are projects that might not have

been achieved without carbon finance. Carbon credit are reductions of emissions of

GHGs caused by a project/an investment. One carbon credit is 1 t CO2 equivalent

(CO2e).

In the CDM they are called Certified Emission Reductions or CERs that will 

also see the term ton CO2e. Carbon Credits may be generated from investments in 

renewable energy, energy efficiency, fuel switch, waste management projects and 

include Forestry (afforestation and reforestation).

Afforestation and  reforestation were accepted as the only LULUCF activities 

eligible for projects under the CDM, Thailand could be attend to this project which
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afforestation and reforestation related to forest, soil and absorb carbon dioxide in the 

atmosphere. This project is one method in the future that carbon credit deal in 

developed countries or countries require this credit to reduce the emissions of GHGs.

In event  related to operate with CDM project of Thailand which opportunity 

of reduce the emission GHGs by CDM, for instance; the reduction of emission CO2

from fuel burning source which is low cost choice and estimate reduction of gases 

does not complicated, beside choice of the reduction of emission CH4   from garbage 

and agriculture, the reduction of emission NO2 from fertilizer and process of the 

industry product. The choice of storage green house gases from land use change and 

forestry are also the low cost but determination the amount of storage gases does 

complicate and under the study procedure. Moreover, the more data is essential.  

There are two CDM projects in Thailand which have been approved by the 

Executive Board (EB); Mitr Phol Corp Ltd. is the Thai company singled out for the 

World Bank’s offer of carbon credit. Mitr Phol’s environment-friendly project is 

expected to generate 25 megawatts (MW.) of power from biomass, the world’s oldest 

known source of renewable energy. The other project under the A.T. Biopower rice 

husk power project is designed to use for electricity generation rice husk that would 

otherwise be burned in the open air or left to decay. It involves the construction and 

operation of a new rice husk power plant in Pichit province, with approximately 22 

MW. gross generating capacity, 20 MW. net. Electricity will be sold through a 25-year 

Power Purchase Agreement (PPA) with the Electricity Generating Authority of 

Thailand (EGAT). The project will assist Thailand’s sustainable growth by providing 

electricity through biomass power production without relying on fossil fuel 

combustion.
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2.4 Carbon Cycle and Soil Carbon Form

      Figure 2-2  The Carbon Cycle (15)

Lal et al. (16) has devided the important carbon pool which can discover on the

world into five areas, namely; Pedosphere, Atmosphere, Hydroshere, Biosphere and

Lithosphere.

Figure 2-2 exhibits carbon cycle between soil, ocean and atmosphere within

one year. Carbon cycle between soil and atmosphere, soil releases carbon to

atmosphere. The amount released is equal the amount emitted by crops. Nevertheless,

this amount is higher than the amount released by factories twelve times. In the case of

crops, carbon dioxide is exhausted into atmosphere and also is collected for

photosynthesis. The amount of carbon dioxide released from the atmosphere is

normally more than from soil around two times and it is accumulated in water.

Furthermore, the amount accumulated is higher than the amount released.

Consequently, the proportion of carbon dioxide exchange in water and air is somewhat

balance. The second amount collected is in soil and crops which is less than in ocean.

However, this amount is higher than in atmosphere approximately three and a half

times (15) in that carbon exchange is controlled by photosynthesis and  respiration.

Soil carbon is a significant area of ecological system on land. There are two

types of soil carbon: soil organic carbon and soil inorganic carbon. According to

Eswaran (17), soil organic carbon is assessed depth level at 1 metre. This is standard
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for assessing accumulated soil organic carbon on the earth around 1500 Pg (18).

Moreover, the depth which losses and accumulations of  soil carbon are greatest in the

upper soil profile 0-15 cm., which should be sampled most intensively (19).

As carbon stocks in soil, fossil deposit, erosion and runoff, affects directly soil

surface. Because of this, soil carbon and losses the most. In addition, soil organic

carbon has around two point one times of atmosphere and two point seven times of

living life and also crops on land.

In terms of assessing amount of inorganic carbon, the most of such amount is

carbonate  which is discovered in semi-dry area. It is roughly estimated in that there is

approximately twelve percent of total carbon (20,21). According to Schlesinger (22),

there is inorganic carbon which is in terms of calcium carbonate around 780-930 GtC

(Pg) (see appendix E) and 720 GtC (Pg) (23), and there is a little variance.

Carbon sequestration is the world temperature reductive procedure by absorb

CO2 before it  released to atmosphere or absorb CO2 in atmosphere to keep under the

ocean. Ocean farming supports living life in the ocean. It catalyses photosynthesis

process in order to absorb CO2 in the atmosphere and accumulate CO2 in trees by

photosynthesis process and soil in terms of organic matter (24). Soil can function both

as a sink and a source for atmospheric CO2, called carbon sequestration (25,26).

Nowadays, the role of soil can reduce CO2 accumulation in the atmosphere which

cause by Greenhouse effect, there are interest and study this part more and more (25).

In the past, soil carbon study emphasised only on the function for apply and the soil

properties. Furthermore, in last few years, scientists began to study process or/and

system which affect soil and carbon cycle in order to understand natural obviously.

The soil ecology in tropical areas plays an significant role in the global carbon 

change because soil covers around 25% of total global land; moreover, organic carbon 

content in tropical forest shows about one third of the total global organic carbon 

content (27).

2.4.1 The Process of Soil Organic Carbon Storage

The benefits of an increase soil organic carbon are to improve soil quality

and environment. It is a main concept for the sustainable development of soil and

water resource. Firstly, soil quality improvement  result  increasing  nutrients of crops



Fac. of Grad. Studies, Mahidol Univ.                    M.Sc.(Technology of Environmental Management)/15

and also other soil properties such as the structure of soil depth in which tree roots are

able to penetrate into soil and available water content (28,29,30). Secondly,

environmental improvement has advantages to water quality as it decreases soil

erosion.

When organic carbon is in soil, it leads to aggregation. Such process is

mechanism which have crucial influence for absorb carbon from the atmosphere to

soil. It is started when a biomass is transferred by humification, decomposing organic

carbon compound into different carbon properties by microorganism in soil.

Some are degradable organic carbon whereas some are inert organic

carbon. The latter one can be in soil for thousand of years (16) and assemble with

mineral, knowing as organo-mineral complex. This part is stable organic carbon.

Therefore, carbon stock in soil is more complicate than photosynthesis and biomass

soil accumulative process. The reason is that when biomass passes through soil, there

are some parts which remain orgnic matter condition. These parts are important. In

other words, they can be released to atmosphere in gas condition. The rest parts will

decomposed to become organic carbon in soil. In soil, a microorganism produces

cementing material. It can be stable in soil structure in that a microorganism cannot

decomposed. However, if such structure is interfered such as soil plowing to

atmosphere, a microorganism will be able to decomposed (6).

Moving soil organic carbon take place to some types of soil translocation

or podozolization. This type is usually in depth level of soil. There is a little 

disturbance by microorganism activities. It can increase carbon stock in soil in which 

the carbon  in deep soil leads to slow down of decomposition. Such a soil taxonomy is 

called “ Spodic horizon” (6).

2.4.2 The Management of Soil Carbon Storage

Mann (31) has revealed that agriculture can diminish organic matter at

least 20 percent of organic carbon. As a result of increasing productivity  of natural

fertilizer or chemical fertilizer and losing organic matter by erosion.

As human activities, resulting from agriculture, lead to the most carbon

emission to atmosphere, some carbon will be released to atmosphere in the term of

carbon dioxide when plowing up soil.
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Soil management system in tropical areas has accumulative rate of 

carbon by 120 gCm-2 yr -1 (32). There are several feasible soil management methods. 

For example, using nitrogen fertilizer can lead to an increase in primary product and 

carbon stock in soil. Increasing soil water can decrease decomposition in temperate 

zone (33) which could emission N2O meanwhile increasing  potential of production 

CH4. The significant provision is an increase in soil organic matter which is used 

widely. Additionally, soil and water conservation, using cover cropping  and crop 

rotation, deep rooting crop which is managed optimally will have high amount of 

biomass. Also, the improvement of soil nutrient cycle  and soil fertility can promote an 

increase  carbon stock in soil which can cause increasing productivity.

2.4.3 Soil Property

2.4.3.1 Bulk Density

Bulk density of a soil is defined as the weight per unit volume of

soil. The volume includes both the solids and the pore space. Bulk density is important

because it reflects the porosity of a soil. Loose, porous soils have lower bulk densities

than tight, compacted soil. The bulk density of a soil increases with compaction and

indicates how easily a soil will till, how easily water will infiltrate, how it will hold

water, and its suitability for growing plants.

 The optimal bulk density for plant growth is different for each

soil. In general, less-than-optimal bulk density (high porosity) leads to poor water

relations, and high bulk density (low porosity) reduces aeration and increases

penetration resistance, limiting root growth (34). The average soil bulk density of

cultivated loam is approximately 1.1-1.4 g/cm3 for good plant growth. Bulk densities

should be below about 1.4 g/cm3  for clays and 1.6 g/cm3 for sands. Bulk density is

used to calculate total water storage capacity per soil volume and to evaluate soil

layers to determine if they are too compacted to allow root penetration or adequate

aeration (35,36).

The bulk density is an essential accompaniment to soil carbon,

nitrogen and phosphorus measurements. With soil carbon, it can be used to derive

porosity. Soils rich in organic matter generally have low bulk density.
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Bulk density  means ratio between dry mass of soil (ms) and

bulk volume (Vb)

                              Bulk Density = ms/Vb

In this consideration, dry mass (ms) is mass of oven-dried soil at

105-110 degree celcius until weight is stable. Bulk Volume (Vb) means summation

between solid volume (Vs) and pore volume(Vp).

       Vb = Vs + Vp

From equation above, bulk volume is always more than solid

volume in the same soil because pore volume is more than zero. Particle density is the

ratio between dry mass per solid volume unit.

                                  Particle density = ms/Vs

Considering bulk density equation and particle density equation,

it can be seen that there is always fewer in  the same soil. Bulk density of the same soil

will be either high or low depending on pore volume. If particles  arranged will  have

high volume of pore, bulk density will be low. On the other hand, if soil has less pore

volume, bulk density will be high (37). Bulk density is used in the calculation of

carbon stock in soil  (t/ha) which if  bulk density decrease, soil organic carbon would

increase.

2.4.3.2 Available Water Content

Water is required for living microbial, it also effect to 

numerously  microbial activities namely; function of extracellular enzyme, it allows 

nutrient mobility and  have an effect on soil pore. Hence, level  of soil moisture have 

closely related to ratio of organic decomposition.

Available water content (AWC) is retained in the soil by 

capillary forces and can be extracted by the plant. This soil water is most important for 

crop production. It is water held by the soil between field capacity and wilting point. 

Plants can use approximately 50 % of the available water without stress. When less 

than 50% of available water remains, stress can occur.

Field capacity is the water content of a soil at the upper limit of 

the available water range. It is the amount of water remaining in a soil after it has been 
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saturated and allowed to drain for 24 hours. It is set equivalent to the water content of 

the soil water pressure of between –300 hPa for groundwater distant sites and 60 hPa 

for groundwater near site.

Permanent wilting point is the lower limit of the available water 

range. When plants have removed all of the available water from a given soil, they 

wilt and do not recover. Thus, the water available for plant growth exists between the 

range of filed capacity and wilting point. The capacity varies with soil texture. 

Permanent wilting point is defined as a matrix potential of 15000 hPa. The available 

water content therefore can be calculated as;

AWC = FC -θ pwp

Where  θ pwp is the water content at the PWP.

The suitable of water potential level is –0.01 to –0.05 Mpa 

(megapascal). The ratio of decomposition  often  decreasing  rapidly, if  water held at a 

potential greater than –0.01 MPa  to  saturated  water  (0MPa)  according to loosing 

oxygen. If  water held  lower than a suitable level, ratio of  decomposition  will 

become lower in order, so as to depend on the capacity of related  microorganism have 

dry weather  and  rate of function the extracellular enzyme in  quite low water 

condition. The major role of microbial  which  decomposed organic matter is fungi 

and actinomycete  because of  endure on drier condition than bacteria (37).

Field capacity depends upon micropores in which their size are

not bigger than 50 micrometre. While permanent wilting point depends upon

micropores that their size is less than 0.2 micrometre the range of available water may

narrow or broad. It depends on soil texture. Illustrate, soil which is coarse-textured

soils has minimum range of available water content. For soil which is medium-

textured soils or loam has medium available water content. Another, soil which is

fine-textured soils or clay has maximum range of available water content (37).

Additionally, organic matter content affects the moisture

storage. Depending on the quantity present, soil organic matter can contribute to the

retention of soil moisture. However the amount of organic matter normally present in
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the deeper layers of mineral soils is too low to retain any significantly amounts of

water. Especially the amount of water retained at high tensions is influenced by the

organic matter content. This is because when the soil is getting dry the characteristic

of the surface of the soil particles gets more important than the pore geometry. The

water still retained is therefore often no longer addressed as capillary water but

adsorbed water. The organic matter content also affects the aggregation of the soil.

Soil respiration which relate to soil carbon emission is

controlled by soil moisture condition (38). Consequently, soil moisture is an essential

factor. It affects soil organic carbon. That is, soil  which is aquic condition has

maximum carbon stock in soil. The later is udic condition and ustic condition

respectively (6). Nevertheless, holding water condition is inappropriate to decomposed

soil organic carbon. Furthermore, soil condition which have adequate moisture during

year like udic condition is helpful to decomposition of organic matter. This is higher

than ustic condition. As a result, such soil have lower the soil organic carbon. It can

indicated  that available water content related to soil organic carbon which has a same

trend.

2.4.3.3 Soil Texture

Soil Texture is basis of soil properties which involved specify

of any soil properties. Soil texture can define by mass of particle in 3 size groups  are

sand, silt and clay. The variability of mixed fraction of particle occur 12 soil textures

could combined in  3 main group  as following: coarse-textured soils group: Loamy

Sand, medium-textured soils group: Loam and fine-textured soils: Silty. Clay coarse-

textured soils seldom aggregate, its character is  loosely, low absorb water and low

absorb nutrient. Fine-textured soils more absorb, poorly drained and more absorb

nutrient that is high fertility (37). Pojchanee and Taweesak (6) is described poorly

drained condition of clay cause by loss of organic carbon is small so that soil texture is

one factor which refer to the carbon storage. Most of soil which is clay  will contains

high organic carbon, subordinate is medium-textured soil and sand  will have  a

smallest soil organic carbon.
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2.4.3.4 Soil Depth

Ogawa et al. (39) and Yoda (40) have shown that soil in 

Thailand, the relation between  carbon stocks in soil vary according to soil depth 

which will more decrease when soil depth increase. Sermpong (41) found that there 

are more amount of carbon in upper soil and it will reduce when increasing soil depth 

in all plantation types compared. This result is relevant to Sirirat and Siripa research 

(42). Therefore, soil depth has relationship with carbon stock in soil. Moreover, the 

carbon content in agriculture soil which is available has change at depth level 30 cm.

from surface (43).

The amount of organic carbon as a wholes of mineral soil 

average 39-70 percent is in soil at higher 100 cm. to surface. It is in the first 30 cm.

from surface. In addition, the distribution of organic carbon at soil profile in tropical 

areas found that there are higher rate than soil in other areas at 0-30 cm. vertical line

(44).

2.4.3.5 Topography

Topography  concerns height and slope in area which are 

smooth and stable. Therefore, excessive water flow slower than areas which are more 

steep (37). This steep affects soil carbon content and also lead to erosion and effect on

carbon stock in soil. Furthermore, there is sample collection to study on soil carbon 

content. Because of this, it is necessary to select a representative sample of areas by 

considering  topography  and soil distribution (43).

2.4.4 Soil Sample Collection

According to IPCC (43), the number of soil pits or cores that must be 

sampled varies according to the topographic variation and spatial heterogeneity in the 

distribution of soils. Moreover, soil utilization and soil management should also be 

regarded. Soil sampling should consider depth level because losses and accumulations 

of  soil carbon are greatest in the upper soil profile 0-15 cm. (19).

Sermpong (41) has researched that role of reforestation on carbon sink 

and some soil properties, Nakhon Ratchasima province. Soil sampling adopts 

disturbed and undisturbed soil by using soil core, 3 random holes per plot and 
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following by depth level from surface 0-5, 5-10, 10-20 and 20-30 cm., respectively.

Inagaki et al. (45) researched on change in carbon and nitrogen accumulation after 

afforestation. Soil sampling will be selected 4 sampling stands in that there are 

different age of plant and 4 kinds of plants. Samples were collected from 9 grids in 2 

m. mesh set on 4 m. by 4 m. quadrant from six layers: 0-1, 1-2, 2-5, 5-10, 10-20 and 

20-30 cm., by using a soil core sampler with 5 cm. in diameter.

In addition, Nagaraja et al. (46) has studied soil carbon stock among

natural and manmade and land use systems. Three sampling sites were chosen for each

land use system. In each site, soil samples were collected from 3 different spots at 0-

15, 15-30 and 30-50 cm. depths and the samples were pooled to get composite samples

for each depth separately. From research above found that soil sampling in each

studied area for the purpose of select the soil representative. It regards area

characteristics, topography and research objective.

2.5 The Relationship between Forest and GHGs

According to Arpinya (47), it is described that forest ecosystems are original

and absorbing source of carbon dioxide, an  important GHGs. In the day time, plants

use sunlight for photosynthesis in order to generate oxygen gas and other gases. In the

night time, plants take such oxygen gas and release carbon dioxide. Also, respiration

process generates carbon dioxide. As the important component of living life is carbon,

when it dead, rot or burning organic matter or fossil fuel, there is carbon release in

terms of carbon dioxide in that this gas is cycled naturally and is reused by plants,

calling carbon cycle. It is absorbed both on land and in ocean. Many accumulations are

arisen such as fossil fuel which has high carbon concentration has usual balance of a

use and release CO2 in tree system. Yet, when forest is damaged, there is the decrease

of forest areas. Furthermore, human activities increase GHGs into atmosphere. These

leading to imbalance of natural, hence needing to restore and forest management areas.

Since forests influence factors which impact carbon storage in soil. Such factors relate

to soil moisture where keep water in soil and have organic matter converted from

decomposition of plant. Also there increase components in soil which influence carbon

in soil.
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2.5.1 Mixed  Deciduous Forest

In physiology point of view, mixed deciduous forest is all kinds of plants

which shed leaves in the early dry season of year. Its distribution from provinces in

central region to northern part and north-east region will alternate with dry dipterocarp

forest and cover to north Prajuapkerekan province. The common kinds are Tectona

grandis, Xylia xylocarpa var kerrii, Afzelia xylocarpa and Pterocarpus macrocarpus.

The distribution of new generate biomass has more at soil surface. Nutrient cycle and

flux of energy are rather rapid. Forest fire become significant mechanism of fossil

damage at soil surface. There is a generation of new organic over 90 percent. It arises

in the rainy season particularly in the early season. The important factor which control

primary production is soil moisture and sheding. When there is low soil moisture in

the dry season. Therefore, most plants must break their growth and shed leaves in

order to reduce water loss of trunk (48).

Mixed deciduous forest normally have average rainy amount 1000-1500

mm. There is high plenty. Depth level of soil is better for drain and reasonable

moisture. The forest classification of Thailand in 1998 found that there are mixed

deciduous forest by 44,056.95 km2 or 33.96 percent of  all forest areas in Thailand (8).

Additionally, soil properties  in this forest is the most optimal to agriculture. Thus, this

forest is invaded for agriculture which result in its reduction in these days. Also,

afforestation policy, increasing forest area, has studied on carbon stock in soil  which

cause by land use change from mixed deciduous forest to teak plantation instead.

2.5.2 Teak

Teak is know in scientific name as Tectona grandis. It is very well-

known on over the world because of durability of teak .Its characteristics are beautiful

colour and  reasonable weather durability. It is found at loam or Sandy loam. Teak in

Thailand is normally distributed in north  which is a good quality like teak in Burma.

Moreover, teak in Thailand is the best quality in the world. This leads to high demand

in global market place.

Teak plantation in Thailand had implemented for 80 years ago (49). It

was a big national project because there is a definite formality. There are distribution

of afforestation in North. Nowadays, there is the teak plantation  which is controlled
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by the Royal Forest Department, Forest Industry Organization, Thai plywood Co., Ltd.

and other wood companies.

Forest Industry Organization (50) informs that the Royal Forest

Department, afforested approximately 154000 acres (60,000 hexta or 600 km2). while

Forest Industry Organization afforested around 40,000 acres (15,000 hexta or 150

km2). In the future, the Royal Forest Department will afforest around 12,000 acres per

year  (5,000 hexta or 50 km2). For Forest Industry Organization will afforest 2,000

hexta per year and giving forest concession. In terms of Thai plywood Co., Ltd. there

is afforestration by budget of corporate companies 24.94 km2 since initial stage of

afforestration until 1998.

Teak well grow at soil condition which has high moisture. This condition

is drain and has a little base. It has pH between 6.5-7.5, appropriate rainy amount

between 1500-1600 mm. per year and alternative season between dry season and rainy

season. Therefore, year circle can be seen evidently.

At land level lower 700 m. (51) from sea level, teak needs a great

sunlight. Teak growth depends upon nitrogen fertilizer the most. For other fertilizers

such as phosphorus and potassium only support a use of nitrogen fertilizer (52). The

factors which benefit to teak plantation are loam, depth, moisture, well-drained and

rainy quantity. These factors are similar to mixed deciduous forest declined which is

invaded for agriculture after leaving as uncommercial forest.

2.5.3  Forest Age

Siripa and Kanuangnit (53) found that after afforested teak and any

plantation for 10 years, soil pH will decrease soil nutrient, Ca, Mg, Na and K, reduce

but organic matter increase 1.35-11.6 percent. Teak and others plantation for 10 years

will have additional organic matter, the reduction of bulk density will affect soil

carbon content in that organic matter will support soil carbon content.

Moore et al. research (54) found that teak forest which is 7-8 year olds

has a little increase on carbon stock in soil at lower 20 t/ha. Moreover, this promotes

Takahashi el al. (38) research. It explains that young teak plantation (6 years) will

have tiny of carbon stock in soil. When comparing with natural forest or it may be said

that young teak forest  has a little support  carbon stocks in soil.
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As a result, the age of natural forest affects carbon stocks in soil when

increasing in age, there is high  carbon stock in soil. In the same viewpoint, if

plantations are different ages, carbon stocks in soil has positive relationship.

2.6 Relevant Research

Sirirat and Siripa (42) have assessed carbon deposit in soil in forest ecosystems

in Thailand was carried out in Kanchanaburi and Chiangmai province. They found that

the carbon deposit in soil varied in different forest types. Hill evergreen forest  will

have highest carbon deposit, 237.27 t/ha at level of 1 m. depth from the soil surface.

Mixed deciduous forest is second, 148.50 t/ha. For dry evergreen forest and pine forest

have nearly equal 145.25 and 132.05 t/ha, respectively. Dry dipterocarp forest had less

carbon deposit  than other forests by 76.75 t/ha. For teak forest, there is  carbon

deposit in soil same amount of others which is equal 167.9 t/ha. Additionally, This

research show basic information of soil characteristic and different carbon deposit in

soil all forest types, trend of carbon deposit was higher in the top soils and the amount

decreased when increase depth level. Also, carbon deposit in soil depends on plants

community, climatic condition and other factors related to soil characteristics.

Wanchai et al. (55)  report that the change in the tropical forest affects the

characteristic of soil. Soil moisture has direct impact to growth of plants, temperature

of soil and the growth of bacteria in the soil. Moreover, high soil moisture increase the

concentration of CO2 in the content of the air in the soil. The amount of organic matter

in soil surface of farm is less than that in forest because of deforestation. It also affects

the ratio of carbon and nitrogen C/N in the forest is higher than that in farm. The

research has shown that there are 2 negative impacts to the environment: the

coeffecient of percolation of soil and the organic matter. From the research of

Wanchai et al., it was discovered that the change in the tropical forest influences the

physical characteristic and factors that affect the amount of carbon in soil such as

moisture in soil that influence the benefits arise from bacteria.

Takahashi et al. (38) has compared the balance of carbon in soil between the

natural forest and young teak plantation in Kanchanaburi province belonging to the

Royal Forest Department. It shows that soil respiration in natural forest is higher than
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that of young teak plantation. The respiration rate will be high in rainy season from

April to May, and low in summer from December to March. The rate depends on the

moisture in soil. The amount of carbon related from the respiration in each year is

estimated at 19 mg C/ha for natural forest and 13 mg C/ha for teak plantation. A little

carbon amount increased in soil from leaves and root in teak plantation will source of

keeping carbon in soil which is less than natural forest and young teak plantation will

not promote carbon accumulation in soil. Takahashi et al. research found that moisture

in soil affects the carbon amount in which sufficient moisture will support carbon

accumulation in soil.

Suwannarata (56) has studied the comparison of teak and pine plantation in

northern Thailand. In the teak area the soil samples were taken from the degrade area,

young-(5-7 years old), middle age-(30-32 years old), old teak plantations-(48-51 years

old) and the natural forest and in the pine area (6-year-old, 20 and 31-year-old plot). In

the study sites of teak, the highest organic carbon content was recorded in the natural

teak forest (3.65%) and the lowest in the old teak plantations (1.96%). The organic

carbon content seems to decrease with the increasing age of the plantation, due to fire

consuming and the rest is then washed out from the site along with soil erosion. On the

other hand, the organic carbon of the soil under the pine plantations showed a trend to

increase with the increasing age of the plantation from 1.17% in the 6-year-old pine

plantation  to 2.72% in the 31-year-old plot. While many studies of soil conditions in

forest plantations found an increase of soil organic matter and nutrients with

increasing age of the plantations, the results found in the teak plantations of this study

are clearly different.

Hase and Foelster (57) found under teak plantation in West Venezuela, the

surface organic matter was found higher than in natural forest nearby. They also found

that larger portions of nitrogen; potassium, calcium and magnesium were stored in the

soil and litter after the planting of the trees. This is due to the decreasing runoff and

nutrient leaching after the reforestation (58,59).

In the study of Margaret et al. (60), they measured above-and belowground 

biomass and tissue carbon content of 20-year-old teak (Tectona grandis) trees in four 

Panamanian plantations to estimate carbon storage potential. A regression relating 
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diameter at breast height (DBH) to total tree carbon storage was constructed and used 

to estimate plantation-level tree carbon storage, which averaged 120 t/ha. Litter, 

undergrowth and soil compartments were estimated to contain 3.4, 2.6 and 225 tC/ha, 

respectively. The soil carbon was a one-time measurement, not an estimate of soil 

carbon accumulation. They estimate carbon storage in Panamanian harvest-age teak 

plantations to be 351 tC/ha.

Nagaraja et al. (46), a study was undertaken in the eastern dry zone of 

Karnataka, India, to assess the soil carbon stocks (0-50 cm. soil depth) under different 

land use systems, both natural and manmade, comprising of forests, grasslands, 

horticultural and agricultural systems. The carbon stocks in soils ranged from 26.46 

t/ha in dryland agricultural systems (without manure) to 89.20 t/ha in mixed forest. 

Among natural systems, ungrazed grassland (71.78 t/ha) and mixed forest (89.20 t/ha)   

recorded higher levels of soil carbon while grazing in grassland and litter removal in 

teak plantations resulted in its reduction (39.32 and 32.74 t/ha respectively). 

Intensively managed horticultural systems namely grapes (85.52 t/ha) and 

pomegranate (78.78 t/ha) maintained higher carbon stocks. However, agricultural 

systems recorded moderate to lower levels of soil carbon. Total carbon stocks in top 0-

50 cm. soils of agricultural systems was of the order irrigated lands with manure 

(52.77 t/ha) > irregated lands without manure (44.47 t/ha) > drylands with manure 

(37.79 t/ha) > drylands without manure (26.46 t/ha). Interestingly, seasonal changes 

were also recorded in all the land use systems.

Sutthichat (61) studied “ Impact on fire on soil and plants at Phu Kradung 

National Park, 1996”. The purposes of the study were to investigate changes of soil 

properties and plants after burning. The result revealed that after burning, soil 

properties of all forest types showed similar changing trend: soil moisture, bulk 

density and particle density were decreased but porosity, pH, organic matter, 

phosphorus, potassium, calcium, magnesium and cation exchange capacity were 

increased. Fire showed no effect on trees but it did affect on saplings in dry 

dipterocarp forest, mixed deciduous forest, pine forest except dry evergreen forest and 

hill evergreen forest. After burning, seeding of all forest types were completely dead.

Sakulai et al. (62) studied soil profile in fire and non-fire protected dry 

dipterocarp forest at Sakaerat. He pointed out that soil in Sakaerat was very shallow 
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and in poor condition. If forest fire occurs in the dry dipterocarp forest, soil erosion 

will follow, leading to loss of organic matter on the surface soil. Soil properties such 

as clay content and associated properties (water holding capacity, cation exchange 

capacity, soil permeability and soil moisture content) become worse easily and shortly, 

after soil erosion.

2.7 Study Area

2.7.1  Location

The study sites in this research were conducted in the mixed deciduous 

forest at Huay Kha Khaeng Wildlife Sanctuary and teak plantations of Thai Plywood 

Co., Ltd. located in Lansak district, Uthaithani province. According to the Universal 

Transverse Mercator (UTM) grid value, the mixed deciduous forest is located at 

533000 – 534000 E and 1724000 – 1725000 N; and teak plantation is located at 

542000 – 547000 E and 1711000 – 1714000 N.

2.7.2 Topography

1) Teak Plantation of Thai Plywood Co., Ltd., Lansak District, 

Uthaithani Province

The plantation was established in 1974. Its headquarters are located 

about 16 km. from entrance and 78 km. from Uthaithani province. This area is about 

200 to 280 m. above sea level, most of which is on plain land with some hilly parts 

with 6-14 % slope. The main species planted in this area are teak and eucalyptus. 

Three study sites in teak plantation were selected for soil sampling. Here, the general 

features of the study sites are briefly given as follows:

Teak plantation at the age of 6: a plain area lying between low hills

Teak plantation at the age of 15: a sloping area inclining upward to the 

west where the sunlight reaches the 

ground vegetation

Teak plantation at the age of 24: a sloping area between mountain range 

where the slop inclines upward to the east
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2) Mixed Deciduous Forest at Huay Kha Kheang Wildlife 

Sanctuary, Lansak District, Uthaithani Province

The study site is located on natural forest with mixed deciduous

forest type at Wildlife Sanctuary. Huay Kha Kheang forest park had been designated

as a Wildlife Sanctuary in 1972 and was declared a world natural heritage site in 1991.

The general  topography of the study site is a nearly flat ground sloping down

eastwards. The elevation of mean sea level is about 200-280 m. with 6% slope, the

distance from teak plantations site to mixed deciduous forest are about 10 km.

 2.7.3 Climate

The study site is located adjacently between the climatic of tropical 

climate and subtropical climate. Annually, it has 3 seasons: summer (February to 

May), rainy (June to October) and winter (November to January). According to the 

meteorological data collected for 13 years back (1991–2003) by the Rainfall Station at 

Huay Rabum plantation, it is found that the average of lowest temperature is around 

18.5ºC and the highest temperature average is 35.71ºC. The average of relative 

humidity presented 87.51% per year. The rainfall average is presented as 1,548.72

mm. per year, and 129.06 mm. per month. The highest amount of rainfall is in 

September averaging around 309.65 mm. and the lowest amount of rainfall is in 

January averaging around 6.14 mm. The datas are showed as follows:

Table 2-3  Monthly Rainfall, Highest Temperature, Lowest Temperature and 

Humidity (Average between the year 1991-2003) at  Huay Rabum Plantation, 

Uthaithani Province

Months Rainfall

(mm.)

Highest

temperature

(°C)

Lowest

Temperature

(°C)

Average of

Temperature

(°C)

Humidity

(%)

Jan 6.14 34.5 13.19 23.85 90.63
Feb 27.26 36.76 18.84 27.80 88.27
Mar 61.97 38.69 16.33 27.51 84.32
Apr 115.18 39.59 19.01 29.30 84.80
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Table 2-3 Monthly Rainfall, Highest Temperature, Lowest Temperature and 

Humidity (Average between the year 1991- 2003) at  Huay Rabum Plantation, 

Uthaithani Province (con.)

Months Rainfall

(mm.)

Highest

Temperature

(°C)

Lowest

Temperature

Average of

Temperature

(°C)

Humidity

(%)

May 247.22 37.86 21.06 29.46 85.90
Jun 130.65 36.45 21.43 28.94 87.73
Jul 136.68 36.20 21.23 28.72 86.29
Aug 168.54 34.27 20.94 27.61 81.60
Sep 309.65 34.66 21.48 28.07 89.87
Oct 270.26 33.51 18.75 26.12 91.79
Nov 68.16 32.99 16.78 24.89 92.87
Dec 7.12 33.07 12.96 23.02 86.13

Average

/year

129.06 35.71 18.5 27.11 87.51

      Figure  2-3 The Diagram of the Monthly Rainfall (mm.) and the Average of

Temperature (°C)  between the year 1991-2003 at  Huay Rabum

Plantation, Uthaithani Province
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2.7.4 Geology  and Soil

Teak plantation at 6 and 15-year-old have a characteristics of geology

with unconformity (PE) which are metamorphic complexs of amphibolite facies;

augen gneiss, granite gneiss, biotite-microcline gneiss, quartz feldspathic gneiss,

biotite schist, banded quartzite, calc-silicate rocks and marbles. Teak plantation at 24

years old and mixed deciduous forest  have a geology with Igneous Rocks (gr) which

are granite, grano-diorite, diorite and quartz feldspathic dikes. The characteristics of

soil in study area, soil family are coarse-loamy, mixed, isohyperthermic, Ultic

Haplustalfs. Granite is its parent material. It has good drainage, moderate

permeability, moderate runoff,  and ground water depth is more than 100 cm.  Soil

texture is sandy  loam  with 5.7-6.5 pH.

2.7.5 Vegetation and Landuse

 In general, the study site in Thai Plywood Co., Ltd. has only two major

plantations, teak plantation and eucalyptus plantation and in Huay Kha Kheang

Wildlife Sanctuary has natural forest, for example; mixed deciduous forest, dry

dipterocarp forest.

2.7.6 The Management of Teak Plantation

 The space between the teak row is 4 x 4 m2. Rain is the only water 

source used in the plantation. The plantation management is shortly described as 

follows:

Teak plantation at the age of 6: The area was planted in 1997. Land 

preparation before growing is to cut and gather all remaining trees and litter in the area 

for prescribed burning. Then, soil was ploughed and mung beans were grown for 

improving the soil. Teaks were afterward planted. In the first year, the villagers were 

allowed to cultivate inside the plantation like growing mung bean or maize. At the 

same time, it is mutually like they looked after and got rid of the weed in the 

plantation. Two to three years later, the grown mung beans were ploughed. Weeds 

were clear away. Litters were gathered and burnt. Fertilizer and herbicide were used.
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Teak plantation at the age of 15: The plantation was established in 

1988. Land preparation and management after growing teaks were similar to the 6-

year-old plantations. But other management would be run in the first 2 – 3 years of 

teak planting. Weed clearing, soil plowing, and fertilizer adding were sometimes done.

Teak plantation at the age of 24: The plantation was established in 

1979. Land preparation and management after growing teaks were similar to the 6 and

15- year-old plantations and the plantation was thinned out once. However, there were 

branch trimming, teak thinning and space extending.

Furthermore, the records of Huay Rabum plantation indicated that teak

plantations were damaged by forest fire and burnt by human being. The largest forest

fire was happened at 5/5 plot in 1987. And the damage was likely to spread to the

nearly plots, that is, 6 and 15 -year-old plantations. In addition, forest fire was also

occurred at 4/1 and 4/3 plots in the same year. The damage was likely to spread to the

nearly plots of  24 year-old teak.
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Study Site

Figure 2-4 Topography and Geology of Study Site in Mixed  Deciduous

                   Forest at Huay Kha Khaeng Wildlife Sanctuary
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Figure 2-5 Topography and Geology of Study Site in Teak Plantation,

                   Lansak District, Uthaithani Province
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Sampling Plot

Figure 2-6  Map of Teak Plantations
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CHAPTER 3

MATERIALS AND METHODS

3.1  Materials

1. Uthaithani’ s Topography  Map : 4840 II   4839 I  4940 II  and  4939 IV  

scale 1:50,000 from  Ordnance Survey Department

2.Uthaithani’ s  Province soil series No.58 sheet1/4  and 2/4 from Department 

of Land Development

3.Uthaithani’ s Land use Map in 2000: 4840 II  4839 I  4940 II and 4939 IV  

scale 1:50,000 from Department of Land Development

4. Semi-detailed soil map, Lansak District, Uthaithani province scale 1:25,000 

from Department of Land Development

5. Secondary datas of Topography Map, climatic, Teak plantation’s history and 

teak plantation boundary map

6.Geographical Positioning System (GPS)

7. Magnetic compass

8.Equipment of soil sampling, namely; soil core, soil auger, hoe, spade

9.pH test kit

10.Munsell soil color chart

3.2  Methodology

3.2.1 Preliminary  Survey

1. Soil in mixed deciduous forest at Huay Kha Kheang Wildlife 

Sanctuary and  6, 15, and 24 years old teak plantation of Thai Plywood Co., has been 

surveied. According to the 1:50,000 map scale (4840II, 4839I, 4940II and 4939IV), 

soil family (Coarse-loamy, mixed, isohyperthermic, Ultic Haplustalfs) is specifically 
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examined. The mixed deciduous forest and the teak plantation chosen to study are in 

the similar geographic condition.

2. To set the soil sampling plot. The line of survey area is bordered 

according to the geographic condition of mixed deciduous forest and teak plantation. 

And the soil sampling plot are marked depending on the different slope of both areas.

3. Examine of soil at the chosen area has been made by open the soil 

surface approximately 20-30 cm. depth and determine the soil profile. At 80-100 cm. 

depth, soil auger has used to collected the soil in order of each depth levels to check 

and test both physical and chemical qualities such as soil color, soil texture, soil 

structure and soil pH. All data are recorded to consider the soil types and the changing 

point of each soil type appearing at different depth levels. See the result of primary 

soil survey at Table 3-1.

3.2.2 Plot Selection

After selected soil family plot that is the controlled factor. Plot 

sampling could separate to 2 part as following :

1. Sampling plots are chosen to study soil carbon stocks and the 

relationship between soil organic carbon and soil properties. The plot selection 

criterion to select a representative sample of areas by considering topography and soil 

distribution (40), 3 plot/area (4 areas = mixed deciduous forest, teak plantation at the 

age of 6, 15, 24 years old). The amount of sampling plots are 12.

2. Sampling plots are chosen to determine the distribution and 

variability of soil organic carbon. Grid system is employed to set the sampling plots at 

those 3 ages of the teak plantation. Set grids 0.25 cm. ×0.25 cm.  (15 m. × 15m. on the 

ground) and overlap on topography map of teak plantation boundary 1:6,000 (enlarge 

from 1:50,000) all  three ages of teak plantation.

3.2.3 Soil Sampling

Soil sampling could separate to 2 parts as following :

 1. To study on soil organic carbon and the relationship between 

soil organic carbon and soil properties. Collect samples are as following:
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1.1 soil sampling by horizon are chosen, 3 plot/area in 

mixed deciduous forest and  teak plantation of any ages. All 4 areas =12 points. 1×1×1 

m3 pits are dug to make soil profile description, to select a representative sample of 

areas by considering topography and soil distribution (43).

1.2 Disturbed and undisturbed soil samples at the depth of 0-15 

cm., 15-30 cm., 30-50 cm. and 50-100 cm. in order to analyze bulk density, available 

water content and  soil organic carbon. Total samples are 48 .

2. To study the distribution and variability of soil organic carbon 

of teak plantation at any ages. Collect sample are as following:

2.1 The sample collecting is covered all area under the grid line 

which space 3-5 grids (= 45-75 m. on ground) per each collecting points at the depth 

of 0-30 cm. (44,45). The soil samples will be as followed.

• 6-year-old teak plantation (approximately 3.4 rai) : 12 soil samples

• 15-year-old teak plantation (approximately 72 rai) : 20 soil samples

• 24-year-old teak plantation (approximately 116 rai) : 40 soil samples

2.2 All 72 samples are determined soil organic carbon.

3.3 Laboratory

3.3.1 Soil Samples Preparation

Special Apparatus

1. Soil grinder or Glazed tile mortar and pestle.

Procedure

Air-dry about 100 g. of representative sample that has been lightly

crushed and passed through  2 mm. screen. Reduce the sample size to 10-15 g. by the

process of crushing, sieving, mixing, and partitioning (by the “quarter” system). Grind

the sample in a glazed tile mortar until the entire quantity passes through a 0.5 mm.

screen and keep it for further analyze soil properties.
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3.3.2 The Method for Soil Properties Analysis

Table 3-2  The Method for Soil Properties Analysis

Soil Properties Analytical Method

Physical Soil Properties

Bulk density Core Method (63)

Available water content Pressure plates (64)

Chemical Soil Properties

Soil organic carbon Walkley and Black method (wet oxidation) (65)

3.4 Data Analysis

3.4.1 The distribution of soil organic carbon map has been prepared with the 

facility of GIS (ARCVIEW).

3.4.2 Statistic analysis

- Statistic average is employed to calculate the amount of soil organic 

carbon of the mixed deciduous forest and the teak plantation at the age of 6, 15 and 24 

years old.

- Statistic deviation (S.D) is employed to calculate the variability of soil 

organic carbon.

- Pearson product moment correlation coefficient and Multiple 

Regression by Stepwise method are used to study the relationship between soil organic 

carbon and soil properties such as bulk density, available water content.
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CHAPTER 4

RESULTS

Soil organic carbon was studied in mixed deciduous forest and teak plantation  

in each ages; 6, 15 and 24 years old. The studied are including the relation between 

soil organic carbon and soil properties; bulk density, available water content, depth 

and the distribution and variability of soil organic carbon of teak plantation of 6, 15 

and 24 years old. The results are shown in the following:

4.1 Soil Organic Carbon

As a result, soil family and topography are controlled. Sampling plots are 3 

plot /area (the areas are mixed deciduous forest and teak plantation of 3 ages). Soil 

organic carbon in mixed deciduous forest and teak plantation at 4 depths was 

determined by wet oxidation method of walkley and black (65). The results can be 

concluding in the following:

4.1.1 Mixed Deciduous Forest

The highest soil organic carbon was recorded at 0-15 cm. (1.35%), 

followed by 15-30 cm. (0.52%), 30-50 cm. (0.35%) and 50-100 cm. (0.29%), 

respectively. From the surface soil down to the level of 100 cm. depth, soil organic 

carbon was 2.51% or 70.96 tC/ha. The soil organic carbon (%) trend to decreased with 

the increasing depth because the surface soil has more organic matter from leaf litter 

fall than the subsoil. Therefore, the surface soil has more soil organic carbon. The 

results were shown in Table 4-1 (see Appendix B-2) and  Figure 4-1.
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Table 4-1  The Average of Soil Organic Carbon and Bulk Density  in Mixed
Deciduous Forest (n=3)

Soil depth
(cm.)

Bulk
density
(g/cm3)

Soil organic
carbon

(%)

Soil organic
carbon
(tC/ha)

Carbon
stock in soil

(tC/ha)

Soil organic
carbon unit

100 cm.
depth

(tC/ha)
0-15 1.32 1.35 26.73 26.73 70.96

15-30 1.48 0.52 11.54 38.27
30-50 1.50 0.35 10.50 48.77
50-100 1.53 0.29 22.19 70.96

Figure 4-1 The Average of Carbon Stocks in Soil in Mixed Deciduous Forest

      
4.1.2 Teak Plantation of 6 years old
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the fertilizer. These management was increasing the soil organic carbon. The results 

were shown in Table 4-2 (see Appendix B-3) and Figure 4-2.

Table 4-2 The Average of Soil Organic Carbon and Bulk Density in Teak 

Plantation of 6 years old (n=3)

Soil depth
(cm.)

Bulk

density

(g/cm3)

Soil
organic
carbon

(%)

Soil
organic
carbon
(tC/ha)

Carbon
stock in soil

(tC/ha)

Soil organic
carbon unit

100 cm.
depth

(tC/ha)
0-15 1.27 1.95 37.15 37.15 157.03

15-30 1.43 1.31 28.10 65.25

30-50 1.47 0.99 29.11 94.36

50-100 1.51 0.83 62.67 157.03

Figure 4-2The Average of Carbon Stocks in Soil in Teak Plantation of 6 years old
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to decreased with the increasing depth and its content (tC/ha) was a bit more than the 

mixed deciduous forest, but less than in teak plantation of 6 years old about 2 times. 

The soil organic carbon of 15 years old teak plantation was less than 6 years old teak 

plantation. Because the teak plantation of 15 years old has a bigger canopy, the growth 

of weeds or undergrowth are quite poor as well as a few litter causes the organic 

matter is less and effect to the less soil organic carbon. The results were shown in 

Table 4-3 (see Appendix B-4) and Figure 4-3.

Table 4-3 The Average of Soil Organic Carbon and Bulk Density in Teak 

Plantation of 15 years old (n=3)

Soil depth
(cm.)

Bulk

density

(g/cm3)

Soil
organic
carbon

(%)

Soil
organic
carbon
(tC/ha)

Carbon
stock in soil

(tC/ha)

Soil organic
carbon unit

100 cm.
depth

(tC/ha)
0-15 1.42 1.35 28.76 28.76 78.78

15-30 1.51 0.73 16.53 45.29

30-50 1.48 0.37 10.95 56.24

50-100 1.61 0.28 22.54 78.78

Figure 4-3 The Average of Carbon Stocks in Soil in Teak Plantation of 15 years 

old
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4.1.4 Teak Plantation of 24 years old

The highest soil organic carbon was recorded at 0-15 cm. (1.78%), 

followed by 15-30 cm. (0.87%), 30-50 cm. (0.6%) and 50-100 cm. (0.44%), 

respectively. From the surface soil down to the level of 100 cm. depth, soil organic 

carbon was 3.69 % or 105.67 tC/ha. The soil organic carbon (%) of 24 years old trend 

to decreased with the increasing depth and its content (tC/ha) was a bit more than the 

mixed deciduous forest and teak plantation of 15 years old, but less than in teak 

plantation of 6 years old. The result were shown in Table 4-4 (see Appendix B-5) and

Figure 4-4.

Table 4-4 The Average of Soil Organic Carbon and Bulk Density in Teak 

Plantation of 24 years old (n=3)

Soil depth
(cm.)

Bulk

density

(g/cm3)

Soil
organic
carbon

 (%)

Soil
organic
carbon
(tC/ha)

Carbon
stock in soil

(tC/ha)

Soil organic
carbon unit

100 cm.
depth

(tC/ha)
0-15 1.26 1.78 33.64 33.64 105.67

15-30 1.51 0.87 19.71 53.35

30-50 1.50 0.6 18.0 71.35

50-100 1.56 0.44 34.32 105.67

Figure 4-4 The Average of Carbon Stocks in Soil in Teak Plantation of 24 years 

old
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4.1.5 The Comparative of Carbon Stocks in Soil in Mixed Deciduous 

Forest and Teak Plantation

The soil organic carbon of mixed deciduous forest was less than teak 

plantation in each ages: 6, 15 and 24 years old. The  highest soil organic carbon was 

recorded in 6 years old teak plantation (157.03 tC/ha) at the level of 100 cm. depth, 

followed by 24 years old teak plantation (105.67 tC/ha), 15 years old teak plantation 

(78.78 tC/ha) and mixed deciduous forest (70.96 tC/ha) at the level of 100 cm. depth. 

It can be seen that the soil organic carbon trends to decreased with the increasing ages 

of the teak plantation, but teak plantation of 24 years old was more soil organic carbon 

than teak plantation of 15 years old. It may be the sampling point was near the 

prescribed burning area  which is a fire protection of the management system and 

leave charcoal form effects to increasing the soil organic carbon. The comparative of 

soil organic carbon in mixed deciduous forest and teak plantation in each ages was 

shown in Figure 4-5 (see Table 4-1 to 4-4 ) and Figure 4-6.

Figure 4-5 The Comparative of Average Carbon Stocks in Soil in Mixed 

Deciduous Forest and Teak Plantations (MDF = Mixed Deciduous 

Forest, TP = Teak Plantation)
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    Figure 4-6 The Average of Carbon Stocks in Soil in Mixed Deciduous Forest 

and Teak Plantations
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4.2 Properties of Soil

Soil samples were collected from 4 depths; the depth 0-15 cm., 15-30 cm. 

representing topsoil and 30-50 cm., 50-100 cm. representing subsoil which explain in 

this part. The samples were then taken to analyze their properties; bulk density, 

available water content in the laboratory. The results are illustrated as follows:

4.2.1 Mixed Deciduous Forest

1) Bulk Density

 The bulk density of the topsoil and subsoil ranged from 1.32 to 1.48 

g/cm3 and 1.50 to 1.53 g/cm3. The lowest bulk density was recorded at the depth of 0-

15 cm. (1.32 g/cm3) and the depth of 50-100 cm. was the highest bulk density (1.53 

g/cm3). The trend of bulk density increased with the increasing depth, due to the 

topsoil has more litter and organic matter than the subsoil that caused increasing pore 

volume then the bulk density was low (37).

2) Available Water Content

The available water content values were ranging between 4.20 and 

3.01% in topsoil and were 3.08 to 3.11% in subsoil. The highest available water 

content was recorded at the depth of 0-15 cm. (4.2%) and the lowest value was at the 

depth of 50-100 cm. (3.11%). It can be seen that the topsoil is high in organic matter 

and low in bulk density, meaning that it is able to retain high amounts of water (37). 

The results were shown in Table 4-5 (see appendix B-2) and Figure 4-7.
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Table 4-5  The Average of Bulk Density (g/cm3 ) and Available Water Content 

(%) in Mixed Deciduous Forest (n=3)

Soil depth (cm.) Bulk density (g/cm3 ) Available water content

(%)

0-15 1.32 4.2

15-30 1.48 3.01

30-50 1.50 3.08

50-100 1.53 3.11

Figure 4-7 The Average of Bulk Density (g/cm3) and Available Water Content 

(%) in Mixed Deciduous Forest

4.2.2 Teak Plantation of 6 years old

1) Bulk Density

The bulk density of the topsoil and subsoil ranged from 1.27 to 1.43 

g/cm3 and 1.47 to 1.51 g/cm3. The lowest bulk density was recorded at 0-15 cm. 

(1.27g/cm3) and the depth of 50-100 cm. was the highest bulk density (1.51 g/cm3). 

The bulk density of teak plantation of 6 years old trend the similar to mixed deciduous 
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2) Available Water Content

The available water content values were ranging between 3.77 and 

2.82% in topsoil and were 2.27 to 2.48 % in subsoil. The highest available water 

content was recorded at 0-15 cm. (3.77%) and the lowest value was at the depth of 30-

50 cm. (2.27%).  The trend of available water content of 6 years old teak plantation 

was lower than the mixed deciduous forest in both the topsoil and the subsoil. The 

results were shown in the Table 4-6 (see Appendix B-3) and Figure 4-8.

Table 4-6 The Average of Bulk Density (g/cm3 ) and Available Water Content (%)

in Teak Plantation of 6 years old (n=3)

Soil depth (cm.) Bulk density (g/cm3 ) Available water content

(%)

0-15 1.27 3.77

15-30 1.43 2.82

30-50 1.47 2.27

50-100 1.51 2.48

Figure 4-8 The Average of Bulk Density (g/cm3) and Available Water 

Content (%) in Teak Plantation of 6 years old
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4.2.3 Teak Plantation of 15 years old

1) Bulk Density

  The bulk density of the topsoil and subsoil ranged from 1.42 to 

1.51 g/cm3 and 1.48 to 1.61 g/cm3. The lowest bulk density was recorded at 0-15 cm. 

(1.42g/cm3) and the depth of 50-100 cm. was the highest bulk density (1.61 g/cm3). 

The bulk density of teak plantation of 15 years old trend to higher than the mixed 

deciduous forest and teak plantation of 6 years old in topsoil and was similar to those 

in subsoil.

2) Available Water Content

 The available water content values were ranging between 3.88 

and 3.57% in topsoil and were 2.87 to 2.37 % in subsoil. The highest available water 

content was recorded at 0-15 cm. (3.88%) and the lowest value was at the depth of 50-

100 cm. (2.37%). The trend of available water content of 15 years old teak plantation 

decreased with the increasing depth. The trend of available water content of 15 years 

old teak plantation was less than the mixed deciduous forest, but higher than teak 

plantation of 6 years old in both the topsoil and the subsoil. The results were shown in 

the Table 4-7 (see Appendix B-4) and Figure 4-9.

Table 4-7 The Average of Bulk Density (g/cm3 ) and Available Water Content (%)

in Teak Plantation of 15 years old (n=3)

Soil depth (cm.) Bulk density (g/cm3 ) Available water content

(%)

0-15 1.42 3.88

15-30 1.51 3.57

30-50 1.48 2.87

50-100 1.61 2.37
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Figure 4-9 The Average of Bulk Density (g/cm3) and Available Water 

Content (%) in Teak Plantation of 15 years old

4.2.4 Teak Plantation of 24 years old
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shown in the Table 4-8 (see Appendix B-5) and Figure 4-10 and the comparative of 

bulk density and available water content in mixed deciduous forest and teak 

plantations were shown in Figure 4-11.

Table 4-8 The Average of Bulk Density (g/cm3 ) and Available Water Content (%)

in Teak Plantation of 24 years old (n=3)

Soil depth (cm.) Bulk density (g/cm3 ) Available water content

(%)

0-15 1.26 4.05

15-30 1.51 3.49

30-50 1.5 3.06

50-100 1.56 2.75

Figure 4-10 The Average of Bulk Density (g/cm3) and Available Water Content 

(%) in Teak Plantation of 24 years old
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Figure 4-11 The Comparative of Bulk Density (g/cm3) and Available Water 

Content (%) in Mixed Deciduous Forest and Teak Plantations
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4.3 The Relationship between the Soil Organic Carbon and the Soil Properties

The research studied the relationships between the soil organic carbon and the 

soil properties by using  ‘Pearson product moment correlation coefficient and Multiple 

regression analysis with stepwise method’. Soil family and topography is controlled. 

For the soil organic carbon was used. For the soil properties, the following these 

parameters were used: bulk density, available water content and depth. Four layers of 

soil; 0-15 cm., 15-30 cm., 30-50 cm. and 50-100 cm. were used to calculate the 

relationship.

4.3.1 Mixed Deciduous Forest and Teak Plantation of 6, 15 and 24 years 

old.

       1) Pearson Product Moment Correlation Coefficient

The soil organic carbon in mixed deciduous forest and teak plantation 

of 6, 15 and 24 years old have positive effect on the available water content. The value 

of the relationship ( r ) is 0.409 (p<0.01). However, bulk density and the depth have 

negative outcomes against the soil organic carbon. The values of the relationship ( r ) 

are –0.776 (p<0.01) and –0.623 (p<0.01), respectively. The bulk density is the most 

effective on the soil organic carbon, followed by the depth and available water 

content, respectively. The results have been illustrated in Table 4-9.

Table 4-9 The Relationship between Soil Organic Carbon and Soil Properties in 

Mixed Deciduous Forest and Teak Plantations

Factor SOC Db AWC Depth

SOC 1

Db -0.776** 1

AWC 0.409** -0.420** 1

Depth -0.623** 0.611** -0.610** 1

SOC = soil organic carbon, Db = bulk density, AWC = available water content

** Correlation is significant at the 0.01 level (2-tailed).

*Correlation is significant at the 0.05 level (2-tailed).
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2) Multiple Regression Analysis

From the soil organic carbon in mixed deciduous forest and teak 

plantation in each ages were employed to become dependent variable to identify the 

relationship of the soil properties variable; bulk density, available water content and 

depth which were the independent variable. The multiple regression analysis with 

Stepwise method was then proceed. The relation equations were from as follows:

The relation equations were from as follows:

Y = a + b1X1 + b2X2 + b3X3

Where

Y = Soil organic carbon

X1 = Bulk density (Db)

X2 = Available water content (AWC)

X3 = Depth

a = Constant

b1, b2, b3   = Partial regression coefficient

The relation equation of soil organic carbon and soil properties was 

shown as follows:

Y = 5.694 – 3.159 Db – 5.716 × 10-3 Depth     ; R2 = 0.602

The equation could be explained that the higher soil organic carbon 

related to the lower in bulk density and in depth.

4.3.2 Teak Plantation of 6, 15 and 24 years old

       1)Pearson Product Moment Correlation Coefficient

The soil organic carbon in teak plantation of 6, 15 and 24 years old 

have positive effect on the available water content. The value of the relationship ( r ) is 

0.404 (p<0.05). However, bulk density and the depth have negative outcomes against 

the soil organic carbon. The  values  of  the relationship ( r ) are –0.801 (p<0.01)   and

–0.624 (p<0.01), respectively. The bulk density is the most effective on the soil 

organic carbon, followed by the depth and available water content, respectively. The 

results have been illustrated in Table 4-10.
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Table 4-10 The Relationship between Soil Organic Carbon and Soil Properties in 

Teak  Plantations

Factor SOC Db AWC Depth

SOC 1

Db -0.801** 1

AWC 0.404* -0.354* 1

Depth -0.624** 0.607** -0.715** 1

SOC = soil organic carbon, Db = bulk density, AWC = available water content

** Correlation is significant at the 0.01 level (2-tailed).

*Correlation is significant at the 0.05 level (2-tailed).

2) Multiple Regression Analysis

From the soil organic carbon in teak plantation in each ages were 

employed to become dependent variable to identify the relationship of the soil 

properties variable; bulk density, available water content and depth which were the 

independent variable. The multiple regression analysis with Stepwise method was then 

proceed.

The relation equation of soil organic carbon and soil properties was 

shown as follows:

Y = 6.772 – 3.981 Db ; R2 = 0.641

This equation could be explained that the higher soil organic carbon 

related to the lower in bulk density.

4.4 The Spatial Distribution and Variability of Soil Organic Carbon in Teak 

Plantations

Soil samples were collected covered all area under the grid line at 0-30 cm. in 

teak plantation of 6, 15 and 24 years old. The samples were then taken to analyze the 

soil organic carbon in the laboratory, Simultaneously the data have been prepared with 

the facility of GIS (ARCVIEW) which divide to 5 intervals of soil organic carbon 

data. The results are illustrated as follows:
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4.4.1 Teak Plantation of 6 years old

The average of soil organic carbon was 2.99 % at the depth of 30 cm. 

from soil surface and soil variability was 0.59. The distribution of soil organic carbon 

of 6 years old teak plantation was quite higher than 15 and 24 years old of teak 

plantation.

From the cross-section of 6 years old teak plantation (Figure 4-12) found 

that the highest of distribution of soil organic carbon is located on the high sea level 

area which is a symbolic A (3.396– 3.77%) on Map and decline to the lower sea level 

area which is a symbolic B (2.274-2.648%).  Therefore, the surround of symbolic A 

was result from the forest fire in contiguous plot, topography and may be causes the 

forest management such as prescribe burning and fertilizer that effects to increasing 

the soil organic carbon.

4.4.2 Teak Plantation of 15 years old

The average of soil organic carbon was 1.70 % at the depth of 30 cm. 

from surface soil and soil variability was 0.67. The distribution of soil organic carbon 

of 15 years old teak plantation was the lowest of any ages of teak plantations.

From the cross-section of 15 years old teak plantation (Figure 4-13) 

found that the highest of distribution of soil organic carbon is located on the high sea 

level area which is a symbolic A (2.59-3.09%). Therefore, the surround of symbolic A 

was result from the forest fire in contiguous plot, topography and may be causes the 

forest management that effects to increasing the soil organic carbon. The surround of 

symbolic B, C and D has the similarity of soil organic carbon which were 1.59-2.09 

%, 1.091-1.59% and 1.59-2.09%, respectively.

4.4.3 Teak Plantation of 24 years old

The average of soil organic carbon was 1.91 % at the depth of 30 cm. 

from surface soil and soil variability was 0.56. The distribution of soil organic carbon 

of 24 years old teak plantation was higher than 15 years old but lower than 6 years old 

teak plantation.

From the cross-section of 24 years old teak plantation (Figure 4-14) 

found that the highest of distribution of soil organic carbon is showed on the surround 
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of symbolic A (2.66-3.128%). The surround of symbolic B found the lowest soil 

organic carbon (0.791-1.258%).

4.4.4 The Relationship Between Topographic Position and Soil Organic 

Carbon in Teak Plantation

 From the cross-section found (Figure 4-15) that the area of 6 years old 

teak plantation is a plain with the elevation of about 250 m. Teak  plantation of 15 

years old is a steeply sloping with the elevation of about 200-250 m. and teak 

plantation of 24 years old is a sloping area  with the elevation of about 200 m. and its 

seems a shallow lake. This results are similar to the topography data of the site study.
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CHAPTER 5

DISCUSSION AND RECOMMENDATION

5.1 Discussion

5.1.1 Soil Organic Carbon

Organic carbon is created from the breakdown of organic matter (usually 

in the form of crop residues) by bacteria and fungi. The conversion and availability of 

all mineral elements are related to, and regulated by this system of decay in the soil.

The samples of soil were collected from natural mixed deciduous forest 

and from 6-year-old, 15-year-old, and 24-year-old teak plantation, respectively. The 

samples were collected base on soil family and topography as controlling variables. 

Soil organic carbon (%) found in mixed deciduous forest and teak plantations tend to 

decrease gradually as depth of the soil is increased. Its absence probably from low soil 

organic carbon in lower soil layer due to less decomposition process whereby leaf 

litter fall is decomposed into organic matter by soil microorganism and other small 

living organisms. As less decomposition yield low level of organic matter in lower soil 

layer; hence, soil organic carbon of lower soil layer is lower than upper soil layer. The 

result of this study is consistent with the research done by Ogawa et al. (39), Yoda 

(40), Sermpong (41), Sirirat and Siripa (42).

Under teak plantations in West Venezuela, the surface organic matter 

was found higher than in natural forest nearby (57) and it also seems agreeably with 

this study. In this study, the soil organic carbon found in mixed deciduous forest and 

teak plantations differ from one to another. The result is consistent with the 

hypothesis. It can be figured out that 6-year-olds teak plantation has more soil organic 

carbon than 24, 15-year-old teak plantation and mixed deciduous forest, respectively 

(157.03,105.67,78.78 and 70.96 tC/ha). The reason why 6-year-old teak plantation had 

greatest soil organic carbon is because it has small canopy that allows weed and other 

undergrowth grow freely resulting on an extensive amount of litter. The substantial 
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amount of litter then generates massive amount of organic matter which finally effect 

on an increment of soil organic carbon.

Besides, the forest fire occurred in 1987 on plot 5/5, which is an adjacent 

plot to 6-year-old teak plantation (plot 5/11) and 15-year-old teak plantation (plot 

5/10) (See teak plantation’s map), is probably account for numerous soil organic 

carbon in the above mentioned plots. Furthermore, forest management through weed 

burning, and prescribe burning can also leave charcoal -another form of carbon -on 

site. Those carbons are inevitably have considerable effect on an intensification of 

carbon in the soil. Detwiler (66) concluded that clearing and burning alone do not 

cause a loss of soil carbon, and in some cases, may cause a gain. Sutthichat (61) had 

result revealed that after burning, soil properties of all forest type showed similar 

changing trend: soil moisture and bulk density were decreased, pH and organic matter

were increased. Furthermore, topography and forest management such as fertilizer are 

also effect to soil organic carbon. Moreover, The effects of fire on soil carbon and 

nitrogen are very dependent upon fire intensity and time since the fire. During this 

period, post-fire nitrogen-fixers may add substantially to soil carbon and nitrogen but 

may result in later gains due to the incorporation of unburned residues (including 

charcoal) and the influences of nitrogen-fixer (67)

On the contrary, Suwanaratana (56) found forest fire is another factor 

that account for low level of soil organic carbon which aged teak plantation has low 

soil organic carbon.

Soil texture plays an important role, with increasing clay content 

decreasing carbon outputs through its stabilizing effect on soil organic carbon (68).

The estimation of soil organic carbon in forest ecosystem in Thailand of Land 

Development Department (6) found the average of soil organic carbon in mixed 

deciduous forest was 141.70 tC/ha (14.17 kg/m2) at 0-100 cm. has more than soil 

organic carbon of mixed deciduous forest in this study (70.96 tC/ha). Because soil 

texture are different in any area of mixed deciduous forest. While the soil organic 

carbon in mixed deciduous forest of Sirirat and Siripa (42) has 148.50 tC/ha, and in 

this study has 70.96 tC/ha. The higher soil organic carbon, because  more litter and 

soil texture which found it was ‘reddish brown lateric’ group. The character of this 

texture is a deep soil and components of much of clay content, which soil texture is 
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one factor that affects to the soil organic carbon and relevant to Pojchanee and 

Taweesak (6) are described poorly drained condition of clay cause by loss of organic 

carbon is small. The average of soil organic carbon of teak plantations at any ages in 

this study (113.83 tC/ha) have less than in Sirirat and Siripa research (42) (167.9 

tC/ha), according to the study site has loamy sand, sandy loam texture. Coarse-

textured seldom aggregate, and theirs character is loosely, low absorb water, low 

absorb nutrient and organic carbon. The accumulation of soil organic carbon is less 

than clay-textured.

Temperature is another factor that affects the humus accumulation which 

humus is a structureless colloidal material resulting from the decomposition 

(humification) of any type of dead organic matter (mostly plant residues and animal 

remains).  In general, higher temperature tend to increase respiratory breakdown of 

organic matter by decomposers more than increase photosynthetic production. 

Etherington (69) suggested that if the temperature was higher than 25 °C in an well-

aerated soil, organic matter could not accumulate. The mean temperature in mixed 

deciduous forest and the teak plantations of study site are about 27.15 °C (it varies 

between 18.6 – 35.69 °C), compared to the soil in the pine plantation (56) which has a  

lower temperature (23 °C). In addition, the soil in the pine plantations is covered by 

the shade of the pine trees all year round. Therefore the chance that organic carbon 

(0.29-1.95%) in this research will be accumulated is lower than in the pine site (1.17-

2.72%).

5.1.2 Properties of Soil

Soil samples were collected from 4 depths; the depth 0-15 cm., 15-30 cm. 

representing topsoil and 30-50 cm., 50-100 cm. representing subsoil which explain in 

this part.

1) Bulk Density (g/cm3)

Bulk density of the soil is an important site characterization parameter 

since it change for a given soil. It varies with structural condition of the soil, 

particularly that related to packing.
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As a result, bulk density in mixed deciduous forest and teak 

plantations trend to increased with the increasing depth because of higher litter and 

organic matter in the surface soil (the organic matter tends to reduce the degree of 

compaction). The reduction of compaction in soil effect to the soil has more pore 

volume, has lower bulk density in surface soil (37) and increased with depth.

The average soil bulk density of cultivated loam is approximately 1.1-

1.4 g/cm3 for good plant growth. Bulk density should be below about 1.4 g/cm3 for 

clays and 1.6 g/cm3 for sands (36,70). In this study bulk density ranges from 1.26 to 

1.51 g/cm3 in topsoil and 1.47-1.61 g/cm3 in subsoil. The most of texture in mixed 

deciduous forest and teak plantations are loamy sand and some are sandy loam which 

% sand is about 80% (see the soil analysis data in appendix B-9), therefore porosity is 

low so high in bulk density.

Moreover, bulk density also indicates whether how difficult or easy 

the soil will be for roots (or shovels) to penetrate. Soils with low bulk density are 

generally more suitable for agriculture, since the high pore space has a greater 

potential to store water and roots are able to grow more readily. A bulk density 

increase, resistance to roots increases and the amount of water available to crops 

decreases. Thus the conclusion, bulk density is related to natural soil characteristics 

such as texture, organic matter, soil structure (34,71).

 2) Available Water Content (%)

Available water content is a measure of the store of water available 

for plants to use, and is defined as the amount of water held in the soil between two 

critical thresholds “field capacity” (FC) and the “permanent wilting point” (PWP).

From the study, available water content of studied mixed deciduous 

forest and all ages teak plantations tend to decrease as much as depth of the soil is 

increased. This is due to the fact that upper soil layer has substantial amount of organic 

metter and high pore volume (indicated by low value of bulk density); therefore, upper 

soil layer has high water retaining capacity (37).Which is relevant to Jenny (72), 

Hudson (73) and Emerson (74) found that available water content is positively related 

to soil organic matter because soil organic matter raises FC more than PWP. 
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According to, soil organic matter enhances soil water retention because of its 

hydrophilic nature and its positive influence on soil structure.

Available water content (AWC) characteristic of a Renshaw Soil 

Series (75) with loam-textured  was 21%, and with sand and gravel texture ranges 

from 3 to 4%. It can be seen that the fine-textured soil (silts and clays) has higher 

available water content than sandy soils.  While this study, available water content in 

mixed deciduous forest and teak plantations ranged from 2.82 to 4.20 % in topsoil and 

2.27-3.11% in subsoil. The site study has low of %clay (about 7%), low absorb water 

and the available water content are lower than in that loam-textured. It also seems 

reasonable to many researches that the amount of water held by the soil varies with 

soil texture (76) and clay content.. Moreover, the management such as prescribe 

burning and high in bulk density also effect to decreased available water content.

     3) Depth (cm)

     From the study, the depth of the soil has significant correlation 

with soil organic carbon, bulk density and available water content. The more depth of 

the soil increased, the more value of soil organic carbon decreased (39,40,41,42). On 

the contrary, the correlation between depth of the soil and bulk density  shown that as 

depth of the soil increase, bulk density values will be increase as well (37). 

Meanwhile, the more depth of the soil, the lesser value of available water content (37).

 4) The Fertility of the Soils

      Soil fertility and plant nutrition are important components in crop 

production. In addition to providing basic physical support for plants, productive 

fertile soils also supply moisture and air to the roots and act as a reservoir for available 

plant nutrients.

      Base saturation is the proportion of chemical exchange sites on 

soil particles that are occupied by basic cations (Ca2+, Mg2+, K+, Na+ ) as opposed to 

acid cations (H3O+, Al3+). These basic cations are important sources of nutrients for 

plants.
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      Some consultants and farmer prefer to use the base saturation of 

the plant nutrients instead of the extractable amounts as a guide for maintaining 

optimum fertility. For Southeastern soils with kaolinitic clays, a base saturation of 45 

to 65 percent will be satisfactory for good plant growth (77). While percent base 

saturation ranged from 35 to 75 is moderate level of criterion of soil chemical analysis 

(78). In this study the average of base saturation ranged from 46.19 % to 54.48 % in 

subsoil (see appendix B-9).  It can be seen that soil nutrients are moderate fertility and 

suitable for plant growth.

5.1.3 The Relationship Between Soil Organic Carbon and Soil Properties.

5.1.3.1 Mixed Deciduous Forest and Teak Plantation.

1. Pearson Product Moment Correlation Coefficient.

Soil properties that taken into account to figure out the 

correlation with soil organic carbon are bulk density, available water content, and its 

depth. The results from this study are consistent with the hypothesis. Noteworthy, bulk 

density has superlative correlation with soil organic carbon (p<0.01) (r = -0.776). 

From the analysis, it can be explained that if soil organic carbon is high, bulk density 

will be low. The reason is that soil’s texture of mixed deciduous forest and teak 

plantations of all ages are loamy sand, sandy loam. These result on high percentage of 

sand in the soil’s composition. Thus the soil has high pore volume resulting on low 

level of bulk density. In addition, low level of bulk density probably resulted from the 

treatment of land through forest management methods. Those methods such as manure 

fertilization, ploughing and mung bean cultivation add up organic matter to upper soil 

layer through the motivation and supporting of decomposition process done by soil 

microorganism and small living organisms. Those activities are also motivating an 

uptake process of plants’ root. Apart from that, machinery plowing is also help 

increasing high pore volume of the soil. In addition, the weight of upper soil layer 

pressing on lower soil layer induces a compression of pore volume of lower soil layer. 

Therefore, lower soil layer had high bulk density than upper soil layer.

 The  correlation   between  soil organic carbon  and 

available water content  is quite inconspicuous (P<0.01)(r = 0.409). The level of soil 

organic carbon effect on available water content unnoticeably. However, the 
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correlation can be explained that if the soil organic carbon is high, available water 

content will be high as well. This is according to huge amount of organic matter-

decomposed from leaf litter fall- weed and fertilization of manure fertilizer from forest 

management process assists the protection of soil moisture through an obstructing of 

evaporation. As a result, available water content is found high in soil that has high soil 

organic carbon.

The second highest important correlation is the correlation 

between soil organic carbon and depth of the soil (p<0.01)(r = -0.623). The more of 

the soil depth, the lower soil organic carbon. It is because upper soil layer gains litter 

more than lower soil layer; therefore, upper soil layer has high soil organic carbon.

2)  Multiple Regression Analysis.

 The relationship between soil organic carbon and soil 

properties can be elaborated as the following equation;

Y  = 5.694 - 3.159 bulk density - 5.716×10-3 depth          ; R2 = 0.602

From the regression analysis, when R2 = 0.602, the 

correlation between bulk density and depth of the soil is of moderate level. In spite of 

the fact that, if bulk density level is high and depth of the soil increase, soil organic 

carbon level will be low. The variables, which were not taken into account, is 

available water content. This is due to the fact soil organic carbon of mixed deciduous 

forest and every teak plantations has low correlation with available water content.

5.1.3.2 Teak Plantations.

1) Pearson Product Moment Correlation Coefficient.

       The most obviously correlation is a correlation between soil 

organic carbon and bulk density (p<0.01)(r = -0.801) If bulk density is high, soil 

organic carbon will be low. The result is as same as the result of depth of the soil. The 

second obviously correlation is the correlation between depth (p<0.01)(r= -0.624) and 

soil organic carbon. The correlation between soil organic carbon and available water 

content (p<0.05)(r = 0.404) is unnoticeable. The explanation is the same as an 
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explanation of correlation between soil organic carbon and soil properties of mixed 

deciduous forest and different-aged teak plantations in 5.1.3.1.

2) Multiple Regression Analysis.

      The correlation between soil organic carbon found in 6-year-

olds, 15-year-olds and 24-year-olds teak plantations and soil properties could be 

explained as the following equation;

Y =   6.772 - 3.981 bulk density         ; R2 = 0.641

If R2 = 0.641, the correlation between soil organic carbon and 

bulk density is of moderate level. If bulk density is low, soil organic carbon will be 

high. The variables, which were not taken into account, are available water content

and depth of the soil. This is due to the fact that soil organic carbon has low 

correlation with available water content  and depth of the soil.

5.1.4 The Spatial Distribution and Variability of Soil Organic Carbon in 

6-year-olds, 15-year-olds and 24- year-olds Teak Plantation

The spatial distribution of soil organic carbon of 6-year-olds and 15-year 

teak plantation found vastly on the north side and fewest on the south side of the plot. 

From teak plantation’s history, the forest fire occurred in 1987 on plot 5/5, which is an 

adjacent plot to the north of 6-year-olds and 15-year-olds teak plantation plot.  The 

result of the fire cause totally damage on plot 5/5. The heavy wind brought the damage 

to 6–year-olds and 15-year-olds teak plantation inevitably. The results of the fire; 

therefore, probably cause an increasing of soil organic carbon (66) on those mentioned 

plots.

The spatial distribution of soil organic carbon of 24-year-olds teak 

plantation found mostly on the south side of the plot and lowest on the north side of 

the plot. Fire occurred in 1987 on plot 4/3, which is adjacent plot to the south of 24-

year-olds teak plantation plot, may results on an increasing of its soil organic carbon.

In the conclusion, the spatial distribution of soil organic carbon in teak 

plantation depending on forest fire and its intensity and time since the fire, meanwhile 
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topography and forest management (see the management of teak plantation) in study 

site are effect to soil organic carbon. Such as increasing soil fertility via fertilization or 

mung bean grown, could lead to increased primary productivity and carbon storage. 

The use of herbicides, pesticides, or other management practices that disrupt the food 

webs will affect organic matter cycling and effect to soil organic carbon. For example, 

in a decomposition study conducted in the Chihuahuan desert. Santos et al.(79) and 

Santos and Whitford (80) found that when bacterial populations were reduced and 

rates of decomposition decreased that effect to increased soil organic carbon.

 5.1.5  Carbon Stocks in Soil Versus Aboveground Carbon Content

The results of carbon stocks in soil in this study could assess with 

aboveground carbon content at the same site in mixed deciduous forest and teak 

plantation (81). The estimated data presented that the aboveground biomass in mixed 

deciduous forest and teak plantation at the age of 6, 15, 24 years old were 143.28, 

79.03, 67.73 and 82.26 tC/ha, respectively. Assuming that 50% of biomass is carbon 

so that aboveground carbon content in mixed deciduous forest and teak plantation at 

the age of 6, 15, 24 years old were 71.60, 39.51, 33.86 and 41.13 tC/ha, respectively.

It can be seen that trend of aboveground carbon content in teak 

plantations increased with the increasing ages while mixed deciduous forest which is 

undisturbed forest has more aboveground carbon content than another site. On the 

contrary of this study, it can be figured out that 6-year-olds teak plantation has more  

carbon stocks in soil than 24, 15-year-olds teak plantation and mixed deciduous forest, 

respectively (157.03, 105.67, 78.78 and 70.96 tC/ha). The general perspective of 

carbon stocks in mixed deciduous forest and teak plantations of this study site ranged 

from 112.64 to 196.54 tC/ha. The highest carbon stocks were recorded at 6-year-olds 

teak plantation (196.54 tC/ha) and the lowest carbon stocks were at 15-year-olds teak 

plantation (112.64 tC/ha).

On a global basis soil organic carbon comprises about 1.5 times the 

carbon stored in the vegetation (biomass) (23), the results found in teak plantations of 

this study seem closely mentioned above, but it depend on many factors such as soil 

texture, soil moisture, soil management, temperature, topography. However, forest 

plays a major role in the global carbon cycle through the process of photosynthesis. By 
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plants absorb CO2 from the air and release CO2 through the respiration. As the 

important component of plants are carbon when leaf litter fall is decomposed into 

organic matter in soil which is soil organic carbon. Thus the forest related to carbon 

storage in soil. Especially, Thailand is in tropical zone and soil ecology in tropical 

areas plays an significant role in the global carbon change because soil covers around 

25% of total global land; moreover, organic carbon content in tropical forest shows 

about one third of the total global organic carbon content (25). Carbon stocks 

(aboveground carbon content and carbon stocks in soil) in mixed deciduous forest and 

teak plantations were presented in the below Table 5-1 and Figure 5-1.

Table 5-1 Carbon Stocks in Mixed Deciduous Forest and Teak Plantations

Sampling plot Aboveground

Carbon Content

(tC/ha)

  Carbon Stocks

 in Soil

(tC/ha)

Total Carbon

Stocks

(tC/ha)

MDF 71.60 70.96 142.56

TP-6-yrs 39.51 157.03 196.54

TP-15-yrs 33.86 78.78 112.64

TP-24-yrs 41.13 105.67 146.80

MDF = Mixed deciduous forest

TP     = Teak plantation
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      Figure 5-1 Carbon Stocks in Mixed Deciduous Forest and Teak Plantations

5.2 Recommendations

1) According to, CDM is a mechanism designed for developed nations to reach 

their emissions reduction targets more easily by investing in clean technology such as 

reforestation and afforestation in LULUCF activities of developing countries. These 

supposed that its bring about to carbon credit system in the future. Carbon stocks in 

soil in this study will be advantage for estimates how many carbon stock in soil and 

how manage the soil organic carbon for stability.

2) Even though the agriculture and carbon sequestration in soil can be 

accounted to mitigate the CO2 emission due to the application of Kyoto protocol 

(article 3.4) was decided in July in Bonn for Annex I countries. However, Thailand 

(Non-Annex I countries) should have a data base of carbon stocks in soil for utilization 

in the future and Thailand is an agricultural country, this agricultural products is also 

depend on soil organic carbon.

�����������
�����������
�����������
�����������
�����������

�����������
�����������
�����������

����������
����������
����������

�����������
�����������
����������������������

�����������
�����������
�����������

�����������
�����������
�����������
�����������
�����������
�����������
�����������

����������
����������
����������
����������

�����������
�����������
�����������
�����������
�����������

-200
-160
-120

-80
-40

0
4 0
8 0

120

M D F 6-yrs-TP 15-yrs-TP 24-yrs-TP

C
ar

bo
n 

st
oc

ks
 in

 so
il 

   
   

A
bo

ve
gr

ou
nd

 c
ar

bo
n 

co
nt

en
t (

tC
/h

a) Aboveground Carbon Content 
������
������

Carbon Stocks in Soil (tC/ha)

������
������



Waetanee Tangsinmankong                                                              Discussion and Recommendation /74

3) An equation from an analysis of multiple regression analysis is not yet 

satisfied due to low value of R2 (R2 = 0.602, 0.641). Therefore, the correlation between 

soil organic carbon and soil properties is inconspicuous. Thus, in the next study, there 

should be more samples. Apart from that, after statistical testing, the result should be 

checked with the result collected from field survey and recheck again with an equation 

to find an accurate result.

4) Estimating carbon stocks and understanding their dynamics are crucial in the 

efforts to create action to mitigate the present concern on global warming. Since the 

carbon stock usually cover big areas, an efficient and effective techniques should be 

used to evaluate and monitor the process of change, from global/regional scale up to 

the managerial (local) scale. The focus of this topic will be concentrated on the use of

various models to develop information of carbon stocks. The modelling of carbon 

stocks are such as Global Carbon Model, CO2 Model, Vulnerability Assessment 

Model.

5) The literature of forest fire on soil organic carbon found the effects of fire on 

soil organic carbon is different in each other. Because of the difference of site. 

Therefore, forest fire is an interesting topic in further study that how exactly forest fire 

related to soil organic carbon and what factors are related.

6) Soils contain enormous numbers of diverse living organisms assembled in 

complex and varied communities. Soil biodiversity reflects the variability among 

living organisms in the soil - ranging from the myriad of invisible microbes, bacteria 

and fungi to the more familiar macro-fauna such as earthworms and termites.  Soil 

organisms act as the primary driving agents of nutrient cycling, regulating the 

dynamics of soil organic matter, soil carbon sequestration and greenhouse gas 

emissions. In this study is not interested in soil biodiversity, but it related to soil 

organic matter and organic carbon. The further study should be considered in soil 

biodiversity for a large view point.

7) The carbon cost of teak plantation in Thailand is estimated at 3,685 Baht /tC 

by Faculty of Environment and Resource Studies (82) which include the costs of

investment; building, equipment and machinery, service cost, operational cost and  

costs of seedling. In addition, Gajasenil et al. (83) refered to other carbon costs of teak 

plantation is estimated at US$ 13-26/tC and US$ 10.7/tC for reforestation in 
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community forest in Thailand. Involving carbon credit and carbon stocks in this study, 

for example, carbon stocks of 6-year-olds teak plantation is 196.54 tC/ha and in this 

study used the average of costs 3,685 Baht/tC, US$ 19.5/tC (the average of US$13-

26/tC) and US$ 10.7 /tC (US$=40 Baht). Therefore, 6-year-olds teak plantation would 

estimate cost of carbon about 196.54 multiply with 1,631 Baht/tC which is 320,556.74 

Baht/ha. Even carbon credit does not occurred at this time, however in the future it’s 

obviously information for anyone who is interested in carbon credit.
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APPENDIX A

THE METHOD OF SOIL ANALYSIS
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1. Organic Carbon  in Soil

   Walkley and Black Procedure  (Wet oxidation)

The wet oxidation method is widely used by K2Cr2O7 oxidized Carbon to 

Carbon dioxide  and determine  K2Cr2O7  left  by titrate with FeSO4 which only 

organic carbon was oxidizing (65).

Apparatus

1.  Balance Analytical

2. 5 ml. Volumetric  Pipet

3. 250 ml. Erlenmeyer flask

4. 50 ml. Buret

5. 10 ml. Cylinder

6. 20 ml. Cylinder

7. 250 ml. Beaker

Reagents

1. 1N K2Cr2O7 (Potassium Dichromate Solution)

2. Conc.H2SO4 (Concentrated Sulfuric acid)

3. 0.5N FeSO4 (Ferrous Sulphate)

4. O-phenanthroline Ferrous Sulphate Indicator

Procedure

1. Grid the soil to pass through a 0.5 mm. sieve containing 0.5-2 g..

2. Take soil sample into 250 ml. Erlenmeyer Flask.

3. Add 5 ml.  of  1N K2Cr2O7    by Pipet, and swirl the flask gently to disperse

the soil in the solution.
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4. Then  rapidly add 10 ml. of conc. H2SO4 , directing the stream into the

suspension. Immediately swirl the flask gently until soil and reagents are

mixed, then more vigorously for a total of 1 min. Allow the flask for about

30 min.

5. Then add 15 ml. of water to the flask.

6. Add 3-4 drops of  O-phenanthroline indicator.

7. And titrate the solution with 0.5N FeSO4 . As the endpoint is approached,

the solution takes on a greenish cast and then changes to a dark green. At

this point, add the exceed of  FeSO4 drop by drop until the color changes

sharply from blue to red.

8. Make a  blank determination in the same manner, but without soil.

Calculation  Organic Carbon (%)

%C      = (Vblank- Vsample) N × F×  0.03 ×100

M

Vblank    = volume(ml)  of  FeSO4 titrate  blank

Vsample  = volume(ml)  of  FeSO4 titrate sample

N             = Conc (Normal) of  FeSO4

M             = Dried mass of soil (g)

F              = Correction factor (=1.33)

C             = % by weight of cabon in organic (58%)

2. Calculation Soil Organic Carbon

Soil organic  carbon quantity is calculate by multiplying concentrated value of 

organic carbon in each layer of soil (%volume) with bulk density value in each layer 

of soil and multiply again with depth of soil layer in each layer (0-15,15-30,30-50 and 

50-100 cm., respectively) and total up result of each layer, this will be quantity of soil 

carbon stock, and calculate unit of organic carbon is ton per hectare.
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3.Bulk Density

   Black Procedure [Core Method (63)]

   Procedure

1. Taking an undisturbed block of soil core.

2. To weigh soil core that contained soil (Wsw+Wa) advantage for determine 

soil moisture.

3. Soil core that contained soil is dried in an oven  at 105° C until to stable 

weight (Ws+Wa).

4. To weigh empty core (Wa) together with measures diameter and length of 

core  and calculate its volume (Vs).

5.  Calculate the soil’s bulk density

ρb        =     (Ws +Wa) -Wa

 Vs

4. Available Water Content

Pressure  Plates Method

Pressure plates are used to provide information on soil water desorption for

matric potentials from –50 to –1500 kPa. Drying of the soil is achieved by applying a

sequence of pressures inside the container surrounding the soil which is in hydraulic

contact with a ceramic plate with the opposite side open to the atmosphere. The

pressure applied within the container decrease the matric potential of the water in the

plate, resulting in movement of the water from the soil through the plate (64).
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Apparatus and Materials

1. A container which will withstand the required applied applied pressures.

Large (≈10-L) pressure cookers have been modified for use at pressure up to 100 kPa.

More sturdy containers have been manufactured specifically for the higher pressures.

Pressure vessels may require testing and the fitting of  blow-off devices. In the interest

of  safety of the operator (s), check local regulations before using any vessel.

2. Porous ceramic plates with required bubbling pressures are available in two

grades for measurements to available water content of –33 and –1500 kPa.

3.  A source of air pressure, such as a compressor or a tank of compressed air

or nitrogen.

4.  Pressure regulators should be nonbleeding to minimize the requirement for

gas from the pressure source. This is particularly important when using tanks of

compressed air or nitrogen.

5.  Hydraulic contact between the soil core and the ceramic plate is achieved

by a layer of water-saturated slurry of fine particulate material, such as kaolin.

6. A balance for weighing the soil cores should have a range of 0-2 kg. and a

sensitivity of  0.1 g..

7. Temperature-controlled room at 22 ± 2 °C.

8. A drying oven with a temperature-control device that will maintain a

temperature between 100 and 110 °C. Forced-air circulating ovens will dry samples

more rapidly, but convective ovens are also suitable.

9. Desiccators, each containing active desiccant.

10. Rust-resistant, numbered drying tins with tight-fitting, numbered lids. The

tins should be > 8 cm. in diameter and height to accommodate 7.6 cm. cores.

Procedure

1. Saturate the ceramic plates by immersion in deaired, temperature-

equilibrated tap water overnight and remove excess free water from the plate before

placing it into position inside the pressure vessel. A wire or string cradle is useful for
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locating or removing plates from pressure vessels. Connect the plate outlet to the feed-

through of the pressure vessel.

2. Spread a layer of hydraulic contact medium having 1-3 mm. thickness on

the cloth-covered bottom of the cores. Immediately place each core upright on the

saturated ceramic plate.

3. Close the pressure vessel, apply pressure gradually to the desired level, and

allow drainage to take place until equilibration has been achieved, as indicated by no

water draining from the vessel outlet or when weight loss from the cores has ceased.

Establishing when soil cores have reached equilibrium is difficult because the rate of

water loss is very slow and approaches zero asymptotically, particularly as the

potential approaches –1500 kPa.

4. Remove the core from the plate and remove from the core all adhering

hydraulic contact medium. Record the weight of the soil core.

5. Repeat the above step 2, 3, and 4 at the selected pressures to give the

required available water content. Subsampling of the soil core may be advisable to

achieve shorter equilibration times for target potentials lower than –300 kPa.

Subsamples can be taken by packing smaller samples (28 mm. diameter × 20 mm.

length) from soil removed from the main core.

6. After the final equilibration, remove the nylon cloth, rubber band, and cover

disk from the soil core. Be sure the cloth, band, and disk are free of soil by removing

any adhering soil and make sure the removed soil is retained with the soil core. Dry

the cloth, band, and disk, after which their total weight should be recorded. At this

point it may be advisable to measure the volume difference between that of soil at the

final measured matric potential and the total volume of the soil core cylinder the initial

volume. This allows correction for volume change resulting from shrinkage.

7.Place soil and cylinder in drying tins and oven dry at 105 °C until weight loss

ceases (72 h for 7.6-cm. length cores in a forced-air oven).

8.Remove the samples from the oven, replace the lid on each drying tin, and

place the tins in a desiccator.

9.After the samples have cooled to ambient room temperature, reweigh the

samples to a precision of 0.1 g. If  the core was subsampled in step 5, ensure that all

the dry soil is collected for weighing to get the total mass of the soil from the core.
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10.Remove the core cylinder and clean it of all adhering soil and record the

weight of the cylinder.

Calculations

1. Obtain the mass of dry soil by subtracting the weighed values of cylinder

and the drying tin.

2. Obtain the mass of wet soil at each measured available water content by

subtracting the weights of the cylinder, the nylon cloth, the rubber band, and the cover

disk for each core.

3. Calculate the volumetric water content (ψ) as:

θ(ψ) = 100 [  M(ψ)  -  Md ]

    Vs ρw

Where M(ψ) and Md  are the masses of soil (and water) measured at -ψ  and

oven dried, respectively, Vs  is the volume of the soil (taken as the cylinder volume if

the soil filled the cylinder and shrinkage was minimal), and ρw  is the density of water.

4. The saturated water content ( θ [0] ) is a particular case of θ(ψ) and is used

to convert water content on a volume basis to degree of saturation (S[ψ]) as:

S[ψ] =   θ(ψ)

     θ [0]

5. Available water content = field capacity (FC) - permanent wilting point

(PWP) as:

FC = -0.33 kPa (1/3 bar) soil water content

PWP=  -1500 kPa (15 bar) soil water content
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APPENDIX B

THE DESCRIPTION OF STUDY SITE
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Table B-1  The Description of Study Site

Plot No. Latitude(N) Longtitude(E) Forest Type Age(year)

MDF-1 1724720 0533825 Mixed Deciduous Forest Nature

          2 1724662 0533825 Mixed Deciduous Forest Nature

          3 1724574 0533832 Mixed Deciduous Forest Nature

     TP-6-yr-1 1713493 0545783 Teak Plantation 6

                  2 1713585 0545770 Teak Plantation 6

            3 1713555 0545778 Teak Plantation 6

  TP-15-yr-1 1713306 0546051 Teak Plantation 15

            2 1713345 0545993 Teak Plantation 15

            3 1713431 0545967 Teak Plantation 15

  TP-24-yr-1 1711556 0542830 Teak Plantation 24

            2 1711554 0542851 Teak Plantation 24

            3 1711504 0542970 Teak Plantation 24

TP     =   Teak Plantation
MDF =   Mixed deciduous forest
1        =   Plot 1 (foot slope)
2        =   Plot 2 (mid slope)
3        =   Plot 3 (hill slope)
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Table B-2 The Data of Soil Organic Carbon and Soil Properties in Each Plot of

Mixed Deciduous Forest

Plot Soil Depth
(cm)

Available
Water

Content
(%)

Bulk
density
(g/cm3)

Soil Organic
Carbon

%

MDF-1 0-15 3.43 1.22 1.24
15-30 2.86 1.53 0.23
30-50 3.16 1.52 0.38
50-100 2.38 1.56 0.26

MDF-2 0-15 3.36 1.48 1.22
15-30 3.23 1.44 0.5
30-50 3.19 1.5 0.25
50-100 3.11 1.49 0.2

MDF-3 0-15 5.8 1.25 1.59
15-30 2.93 1.48 0.82
30-50 2.9 1.48 0.43
50-100 3.83 1.54 0.41

    MDF-1 = Mixed deciduous forest at plot 1 ( foot slope)

    MDF-2 = Mixed deciduous forest at plot 2 ( mid slope)

    MDF-3 = Mixed deciduous forest at plot 3 ( hill slope)
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Table B-3 The Data of Soil Organic Carbon and Soil Properties in Each Plot of

6 years old Teak Plantation

Plot Soil
Depth
(cm)

Available
Water

Content
(%)

Bulk
Density
(g/cm3)

Soil Organic
Carbon

%

TP-6yrs-1 0-15 3.48 1.25 1.94
15-30 2.39 1.43 1.11
30-50 2.24 1.4 0.9
50-100 2.46 1.55 0.68

TP-6yrs-2 0-15 3.85 1.37 1.57
15-30 2.48 1.43 1.14
30-50 2.07 1.46 1.02
50-100 2.14 1.51 0.89

TP-6yrs-3 0-15 3.99 1.2 2.33
15-30 3.58 1.42 1.68
30-50 2.49 1.55 1.06
50-100 2.85 1.46 0.91

    TP-1 = Teak Plantation at plot1 (foot slope)

    TP-2 = Teak Plantation at plot2 (mid slope)

    TP-3 = Teak Plantation at plot3 (hill slope)
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Table B-4 The Data of Soil Organic Carbon and Soil Properties in Each Plot of

15 years old Teak Plantation

Plot Soil
Depth
(cm)

Available
Water

Content
(%)

Bulk
Density
(g/cm3)

Soil Organic
Carbon

%

TP-15yrs-1 0-15 4.27 1.44 1.92
15-30 3.88 1.43 1.09
30-50 2.49 1.43 0.54
50-100 2.43 1.78 0.32

TP-15yrs-2 0-15 3.84 1.35 1.07
15-30 3.21 1.59 0.65
30-50 2.96 1.55 0.29
50-100 2.3 1.52 0.27

TP-15yrs-3 0-15 3.53 1.46 1.06
15-30 3.61 1.50 0.45
30-50 3.17 1.45 0.29
50-100 2.37 1.53 0.26

    TP-1 = Teak Plantation at plot1 (foot slope)

    TP-2 = Teak Plantation at plot2 (mid slope)

    TP-3 = Teak Plantation at plot3 (hill slope)
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Table B-5 The Data of Soil Organic Carbon and Soil Properties in Each Plot of

       24 years old Teak Plantation

Plot Soil
Depth
(cm)

Available
Water

Content
(%)

Bulk
Density
(g/cm3)

Soil Organic
Carbon

%

TP-24yrs-1 0-15 4.78 1.5 0.91
15-30 3.78 1.58 0.5
30-50 3.51 1.6 0.29
50-100 3.08 1.6 0.22

TP-24yrs-2 0-15 3.72 1.19 1.36
15-30 3.83 1.48 0.9
30-50 2.96 1.41 0.53
50-100 2.76 1.58 0.25

TP-24yrs-3 0-15 3.65 1.10 3.07
15-30 2.85 1.47 1.2
30-50 2.7 1.5 0.97
50-100 2.42 1.5 0.86

    TP-1 = Teak Plantation at plot1 (foot slope)

    TP-2 = Teak Plantation at plot2 (mid slope)

    TP-3 = Teak Plantation at plot3 (hill slope)
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Table B-6 The Spatial Distribution and Variability of Soil Organic Carbon

in Teak Plantation of 6 years Old

Sample Longtitude(E) Latitude(N) Soil Organic Carbon (%)

1 545827 1713566 3.53

2 545855 1713575 3.77

3 545855 1713555 3.35

4 545838 1713552 3.03

5 545836 1713548 3.62

6 545855 1713545 3.07

7 545850 1713529 2.51

8 545837 1713529 3.20

9 545834 1713514 2.42

10 545850 17134515 3.17

11 545847 1713499 1.90

12 545830 1713499 2.27

S.D 0.59

Mean 2.99
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Table B-7 The Spatial Distribution and Variability of Soil Organic Carbon

in Teak Plantation of 15 years Old

Sample Longtitude (E) Latitude (N) Soil Organic Carbon (%)

1 545909 1713550 2.77

2 545952 1713563 3.09

3 545925 1713510 2.44

4 545910 1713465 1.96

5 545950 1713465 1.37

6 545925 1713420 1.68

7 545908 1713371 0.59

8 545950 1713393 1.09

9 545942 1713308 1.91

10 546025 1713317 1.32

11 546010 1713318 1.40

12 546205 1713317 1.56

13 546140 1713267 2.44

14 546070 1713285 2.41

15 546022 1713285 1.59

16 545892 1713284 1.46

17 545937 1713255 1.42

18 545996 1713255 1.00

19 546016 1713248 0.62

20 546205 1713255 1.98

S.D. 0.67

Mean 1.70
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Table B-8 The Spatial Distribution and Variability of Soil Organic Carbon

 in Teak Plantation of 24 years Old

Sample Longtitude (E) Latitude (N) Soil Organic Carbon (%)

1 542848 1711516 0.79

2 542910 1711510 1.10

3 542971 1711489 1.14

4 543031 1711487 1.61

5 543030 1711464 2.58

6 543009 1711456 1.92

7 542919 1711469 0.91

8 542873 1711472 1.41

9 542810 1711476 1.32

10 542837 1711430 1.19

11 542895 1711425 2.39

12 542968 1711410 1.64

13 543005 1711405 2.43

14 542979 1711373 2.58

15 542938 1711375 1.88

16 542858 1711380 1.80

17 542857 1711337 1.34

18 542913 1711330 2.00

19 542940 1711325 1.69

20 542959 1711315 2.07

21 542933 1711275 1.94

22 542908 1711287 1.40

23 542850 1711295 2.06

24 542825 1711244 2.02

25 542834 1711241 1.86

26 542870 1711235 1.52

27 542901 1711199 2.31

28 542830 1711215 1.49

29 542800 1711160 2.90

30 542863 1711155 1.96

31 542911 1711149 2.15
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Sample Longtitude(E) Latitude(N) Soil Organic Carbon (%)

32 542885 1711107 2.45

33 542820 1711111 1.18

34 542790 1711075 2.43

35 542850 1711065 2.29

36 542870 1711009 2.90

37 542810 1711027 2.31

38 542785 1710976 3.13

39 542837 1710977 2.29

40 542800 1710937 1.90

S.D. 0.56

Mean 1.91
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APPENDIX C

SOIL PROFILE DESCRIPTION
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Ban Rai Series Field Symbol: Bar

Distribution :  Occupies small extent in Tambon Huai Nam Hom , Amphoe Lat Yao , 

Changwat Nakhon Sawan. and Uthaithani provinces.

Classification : Coarse-loamy, mixed, isohyperthermic, Ultic Haplustalfs

Setting  : Ban rai soils are residuum from  granite, gneiss and schist  and occur on 

dissected erosion surface. Relief is undulating which slopes is about 5 %. Elevation is 

about 140 m. above sea level. The climate is tropical savanna (Koppen : Aw).  

Average  annual rainfall is about 1,173 mm. Mean temperature is 28.5 °C.

Drainage, Permeability and Runoff :  Well drained soil. Permeability is moderate to 

rapid  and run off is medium to rapid  and ground water depth is several meters

Vegetation and Land Use :  Natural vegetation is mixed deciduous forest. Parts are 

used as a plantation.

Characteristic Profile Features  :  Ban rai series is a member of the coarse-loamy, 

mixed, isohyperthermic, ultic haplustalfs (USDA). They are moderately deep soils 

which are characterized by the a very dark gray or very dark grayish brown loamy 

sand A horizon overlying a dark brown loamy sand or dark brown gravelly  and stony 

sandy loam  B horizon. The coarse fraction consist of angular and subangular gravels 

and stones about 50%. Reaction is slightly base to medium acid over medium to 

strongly acid.

Typifying Pedon  :  A profile taken from Tambon Huai Nam Hom, Amphoe Lat Yao,

Changwat Nakhon Sawan.
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A1  0-7 Very dark gray (10YR3/1)loamy sand; moderate

fine Medium subangular blocky structure; very 

friable, nonsticky, nonplastic; many fine 

interstitial and few fine tubular pores; many fine 

roots; slightly acid ( field pH 6.5); clear, smooth 

boundary.

A3                         7-20 Very dark grayish brown (10YR3/2)sandy loam; 

moderate medium subangular block structure; 

soft, friable, slightly sticky, slightly plastic; many 

fine interstitial and few fine tubular pores; 

common fine roots; few fine subangular quartz 

gravels; strongly acid (field pH 5.5); gradual, 

smooth boundary.

B21t                                       20-53           Dark brown (7.5 YR3/2) loamy sand, moderate 

fine and medium subangular blocky structure; 

soft, friable, slightly sticky, slightly plastic; 

patchy thin clay coatings in pores; many fine 

interstitial and few fine tubular pores; common 

fine and medium roots; very  strongly acid (field 

pH 5.0); gradual, smooth boundary.

B22t                        53-80 Dark brown (7.5 YR4/2) loamy sand; moderate 

fine and medium subangular blocky structure; 

slightly hard, friable, slightly sticky, slightly 

plastic; many fine interstitial and few fine tubular 

pores; broken thin clay coatings in pores; few fine 

roots; few fine subangular quartz gravels; very 

strongly acid (field pH5.0); clear, smooth 

boundary.

B23t                         80-100 Dark brown (7.5YR4/2) gravelly and stony sandy 

loam; moderate mediun subangular blocky 

structure; slightly hard, friable slightly sticky, 

slightly plastic; many fine interstitial and few  
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fine tubular pores; few fine roots; coarse fraction 

consist of angular and subangular gravels and 

stones about 50%, gravels are mainly quartz; 

strongly acid (field  pH 5.5).

Type Location  :  The Ban rai series was named for  Ban rai district, Uthaithani 

province which soils of this series were first described.

Range of Profile Features  :   The A horizon is from 10 to 20 cm. thick, has 10YR hue, 

value of  3, and chromas of 1 to 2. Textures of loamy sand or sandy loam may occur.  

Structure is subangular blocky. Field pH value is from 5.5 to 6.5.

The B horizon has 7.5 YR hues, values of 3 to 4, and chromas of 2. Structure is 

subangular blocky. Field pH value is from 5.0 to 5.5.
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APPENDIX D

ABBREVIATION AND CONVERSION UNITS
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Abbreviation

GHGs Greenhouse Gases

IPCC The Intergovernmental Panel on Climate Change

WMO World Meteorological Organization and

UNEP The United Nations Environment  Programme

UNFCCC The UN Framework Convention on Climate Change

COP The Conference of  the Parties

GIS Geographic Information System

GEF Global Environment Facility

TDRI Thailand Development Research Institute

TEI Thailand Environment Institute

MOSTE Ministry of Science, Technology and Environment

ERM Environmental Resources Management

CERs Certified emission reductions

FAO Food and Agriculture Organization

CDM Clean Development Mechanism

EB Executive Board

MW Megawatts

PPA Power Purchase Agreement

EGAT Electricity Generating Authority of Thailand

            LULUCF Land Use, Land-Use Change, and Forestry

hPa HectoPascals: Units used to measure air pressure. Air

pressure is the weight per unit area exerted by the air

above. It can be measured in hectoPascals using a

barometer
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Conversion Units

 1 tonne (t)       103  kg

1 Petagram (Pg)       1015g

1 Gigatonne (Gt)       109 t

1  hectare (ha)       10,000  m2

      =6.25 rai

1  tonne per hectare (tha-1)       100 g m-2

1  tonne carbon       3.67 tonne carbon dioxide (t CO2)

1 Gigatonne (Gt)       1 Petagram (Pg)

1 bar       100 kPa

ppmv       parts per million (106) by volume

1 MW       106 watts

hPa        Hectopascal

MPa       Megapascals

      =1 kilobar (kbar) / 100
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