


THESIS 
 
 
 
 
 

MANAGEMENT PLANNING FOR TEAK PLANTATION: 
A CASE STUDY OF THONG PHA PHUM PLANTATION, 

CHANGWAT KANCHANABURI 
 
 
 
 
 
 
 
 
 
 
 

KHWANCHAI  DUANGSATHAPORN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Thesis Submitted in Partial Fulfillment of 
the Requirements for the Degree of 

Doctor of Philosophy (Forestry) 
Graduate School, Kasetsart University 

2005 
 
 
 
 

ISBN  974-9832-18-3 





ACKNOWLEDGMENTS 
 

 I would sincerely like to acknowledge the efforts of many people contributing 

to this research work. Without them, the work would never have been undertaken.  
 

 Most of all I am deeply grateful to my advisor, Associate Professor Songkram 

Thammincha for his enthusiasm and his patience. He has contributed substantially to 

my choice of study, offered valuable knowledge and experience in the field of forest 

regulation and management, and also suggested the necessary art of living. The lessons 

I have learned from him is invaluable and will not be forgotten. I wish to extend my 

warm thanks to the committee members, Dr. Chanchai Yarwudhi and Assistant 

Professor Patsi Prasomsin for my suggestions and support in every means.  
 

 My special thanks are given to the forest inventory expert from Canada, Dr. 

A.Y. Omule, for his kindly attention to correct of the very first draft. I would like to 

thanks Mr. Suksit Pantong and Mr. Teerapong Chumsangsri for their technical support 

on GIS. My thanks go to Miss Somying Lakarnchua and the students of Department of 

Forest Management, Faculty of Forestry for field data and other assistance. 
 

 The field work was made possible with the aid of facilities and cooperation 

offered to me by Forest Industry Organization (FIO) and the forest plantation officers, 

Mr. Bunleng Chanwowwam, Mr. Narongchai Chonlapap and other field personnel. To 

all these persons I wish to extend my sincere thanks. 
 

 I acknowledge again my debt to the Faculty of Forestry of Kasetsart 

University in Thailand who provided a scholarship during study time. 
 

 Last but not least, I am greatly indebted to my beloved parents for their 

constant support.   

 

 

       Khwanchai Duangsathaporn 

        April 2005 



 i

TABLE OF CONTENTS 
 

                      Page 
 

TABLE OF CONTENTS              i 

LIST OF TABLES              ii 

LIST OF FIGURES            iv 

LIST OF ABBREVIATIONS              v 

INTRODUCTION             1 

LITERATURE REVIEWS            4 

  Teak (Tectona grandis Linn.f.)         4 

  The Current Status of Teak Plantation Management in Thailand          5 

  The Current Management System of Thong Pha Phum Plantation     7 

  Forest Management Planning          8 

MATERIALS AND METHODS         17 

 Materials           17 

 Methods           17 

Study Area           32 

RESULTS AND DISCUSSION         38 

 Database for Teak Plantation Management       38 

 Optimal Management Alternative        50 

 The Management Plan         54 

CONCLUSION AND RECOMMENDATION       58 

 Conclusion           58 

 Recommendation          60 

LITERATURE CITED          64 

APPENDIX            68 

 
 
 
 
 
 
 
 



 ii

LIST OF TABLES 
 
Table                    Page 

 

   1  Fourteen alternative management regimes, with 6  

   cutting periods of 5 years each.        28 

    2   Distribution of sample plots by stand age, location  

   and silvicultural treatments        41 

    3   Merchantable volume (inside bark) and present value  

   of teak at the Thong Pha Phum Plantation      42 

    4   The groups of teak stands by age classes,  

   silvicultural treatments and locations       43 

    5  Management unit and existing situation      44 

    6   Merchantable volume models of teak by management unit    46 

    7   Current annual increment in ring-width (diameter growth)  

    of teak by management unit        48 

    8   Yield table for teak plantation at Thong Pha Phum Plantation    49 

    9   Optimal management regimes for each management unit  

   by using linear programming        52 

  10  The management plan for management units by 

   cutting period          55 

  11  The total volume, cost, revenue and net present value  

   by cutting period of teak plantation management plan    56 

    

Appendix Table          

 

  1   Establishment cost data (first years) for teak plantation  

   under the supervision the Forest Industry Organization    69 

  2   Establishment and maintennance cost data  for teak  

   plantation under the supervision the Forest Industry  

  Organization          70 

 



 iii

 LIST OF TABLES (Continued) 
 

Appendix Table                  Page 

 

 3   The stumpage in each log grading of  

   Thong Pha Phum teak plantation       71 

  4   Net present value under various management regimes  

  of management unit 1         72 

  5  Net present value under various management regimes  

  of management unit 2          73 

  6   Net present value under various management regimes  

   of management unit 3         74 

  7  Net present value under various management regimes  

   of management unit 4         75 

  8   Net present value under various management regimes  

   of management unit 5         76 

  9  Net present value under various management regimes  

   of management unit 6         77 

  10   Net present value under various management regimes  

   of management unit 7         78 

  11   Net present value under various management regimes  

   of management unit 8         79 

  12   Net present value under various management regimes  

   of management unit 9         80 

  13   Net present value under various management regimes  

   of management unit 10        81 

   14   Net present value under various management regimes  

    of management unit 11        82 

 

 

 

 



 iv

LIST OF FIGURES 

 

Figure                    Page 

 

  1  Schematic diagram of the methodology       19 

  2   The location of study area        33 

  3   The distribution of the sample plots       40 

  4   Management unit of Thong Pha Phum teak plantation    45 

  5   Current annual increment in dbh by management unit     47 

  6   The Thong Pha Phum teak plantation after achieving  

    assuming sustainable management       57 

   

Appendix Figure 

 

  1   Tally Sheet for the data collection       83 

  2   Thong Pha Phum teak plantation map      84 

  3   The objective function of linear programming model    85 

  4   The area constraints of  linear programming model      86 

  5   The regulation constraints of  linear programming model    87 

  6   The budget constraints of  linear programming model    89 

7 LINDO solution report for the teak plantation management 

planning          94 

  8   Cutting area in first period                 102 

  9   Cutting area in second period      103  

  10   Cutting area in third period      104 

  11  Cutting area in fourth period      105   

  12   Cutting area in fifth period      106   

13 Cutting area in sixth period                  107  

 

 

 

 



 V

LIST OF ABBREVIATIONS 
 

  Bij    =   Budget of management unit  i under management regimes j   

 CPt  = Cut/harvesting, establishment and maintenance at cutting period t 

 dbh = Diameter at breast height 

 FIO = Forest Industry Organization 

 FSC = Forest Stewardship Council 

 GIS = Geographic Information System 

 GP = Goal programming 

 GPS = Global positioning system 

 LP = Linear programming 

 MUiMRj  = Area of management unit  i  under management regimes j 

 NPV = Net present value 

 Pt = Period t 

 RFD = Royal Forest Department 

 RHS = Right hand side 

 SFM = Sustainable forest management 

 TPC = Thai Plywood Company 

 1TPt = First thinning at cutting period t 

 2TPt = Second thinning at cutting period t 



MANAGEMENT PLANNING FOR TEAK PLANTATION:  

A CASE STUDY OF THONG PHA PHUM PLANTATION,  

CHANGWAT KANCHANABURI 

 

INTRODUCTION 
 

 Managers of economic enterprises all share the same problem of efficiently 

allocating the factors of production – labor, capital, and natural resources. In the forest 

enterprise, this allocation is largely controlled by the forest manager’ s decisions on 

where, when, and how much to cut. Several complexities make these decisions 

particularly difficult. Primary among these are (1) the long–term nature of the 

production process which introduces a significant degree of uncertainty concerning 

pertinent future economic and biological conditions, and (2) the essentially unlimited 

number of possible cutting strategies (Ware and Clutter, 1971). 

 

 There are two state enterprises that deal with the production and trade of wood 

and wood products in Thailand, namely: The Forest Industry Organization (FIO) and 

The Thai Plywood Company (TPC).  The latter is a relatively small enterprise. The 

FIO in contrast, is larger and  monopolizes the harvesting and logging of teak 

(Tectona grandis Linn.f.) and Yang (Dipterocarpus spp.) trees, which are the most 

important commercial species (Wechasut, 1985). The long–term expansion of the 

milling of teak depends on the development of the plantations, but the opportunity to 

do this by increasing the area planted is limited by a shortage of available land, 

economic price and land use conflict.  

 

 The FIO is concerned that use of old data systems and analysis tools could 

affect its forest certification process with the Forest Stewardship Council (FSC).  Yet 

the FIO is committed to promoting and implementing certification as a tool to 

measure progress towards sustainable forest management (SFM) of its plantations 

(Attebring and Jonsson, 1999).  
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Achieving the goal of SFM calls for the formulation of a forest regulation 

model that could provide for the continuous flow of timber products of the desired 

quantity and quality. Such a forest regulation model should be able to produce yields 

for an annual or periodic crop of about equal volume, size, and quality. The ultimate 

goal of forest management is the maximization of the utility of the forest to the owner. 

If the owner is profit oriented, this utility can usually be measured in terms of 

quantities such as net present value, return on investment, or cost of specified wood 

flow.  

 

 Linear programming (LP) is one of the most widely used methods for solving 

long-term forest management problems (Ware and Clutter 1971; Dargavel and 

Bethune, 1972; Johnson and Scheurman 1977; Leuschner, 1990). One reason for this is 

the computational efficiency of LP. Another is the versatility by which a constraint matrix 

can be formed out of treatment schedules generated by practically any stand projection 

model (Ohman and Eriksson, 2002). However, LP forces us to design models of very 

specific forms. For example, LP requires that the constraints and objective function be 

linear in the variables. Thus, several studies have suggested alternative optimization 

techniques to LP. Among these are the mixed LP and simulation techniques. Simulation 

allows much more flexibility in modeling and has become one of the most powerful and 

versatile tools for problem solving in forest management (Buongiorno and Gilless, 1987; 

Ohman and Erisksson, 2002) 

 

 Past forest regulation systems in Thailand could not provide optimum solutions 

because they had insufficient capacity to handle economic, technological and biological 

considerations. This study develops techniques to expand the capability of the forest 

management systems to provide optimal solutions for long-term forest management 

planning, and thereby contribute to the effectiveness of management plan formulation.  

The techniques developed in this study are oriented toward the management of teak 

stands in both the FIO and private plantations in Thailand. 
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 The objectives of this study are:  

 

 1.  To develop database systems for the FIO Thong Pha Phum Plantation, to 

assist in plantation management planning. 

 

 2.  To employ quantitative techniques in forest management, namely 

simulation and linear programming, for the management of the Thong Pha Phum 

plantation. 

 

 3.  To formulate a pilot teak plantation management plan. 

 

 Chapter 2 provides a literature review of the teak species, current status of teak 

plantation management in Thailand and in the Thong Pha Phum plantation, and 

general forest management planning.  Chapter 3 describes the materials and methods 

used in this study.  Chapter 4 presents the study results and discussion.  The last 

chapter outlines the study conclusions and recommendations. 
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LITERATURE REVIEW 

 

1. Teak (Tectona grandis Linn.f.) 

 

 Detail about teak in Thailand can be found in Kaosa-ard (1991) and may be 

summarized as follows: 

 

 1.1  Occurrence and Distribution 

 

         Teak is a tropical deciduous forest tree species. The species belongs to 

the family “Verbenaceae” order “Laminales” (Troup, 1921) and has a chromosome 

set of 2n = 36 (Hedegart and Eigaard, 1965) 

 

          Teak is indigenous to Thailand. It occurs naturally throughout the 

northern part of the country covering a range of 16° to 20° N latitude and 97° to 101° E 

longitude, area about 170,000 km2 . The species is a member of the Northern mixed 

deciduous forest in which the dominant species are teak (Tectona grandis Linn.f.), 

Pterocarpus macrocarpus, Xylia xylocarpa, Afzelia xylocarpa, Lagerstroemia 

calyculata and bamboos. The distribution pattern of this species is discontinuous or 

patchy. Under favorable site conditions, teak can become the dominant species and 

pure teak stands are formed. 

 

 1.2.  Environmental Factors 

 

         There are many factors limiting the distribution and growth pattern of the 

species. These factors include climate (rainfall and temperature), soil and topography: 

 

         1.2.1 Soil. The most suitable soil for teak is deep and well drained 

alluvial soil with an optimum range of soil pH between 6.5 and 8.0 and with a 

relatively high calcium (Ca) and phosphorus (P) content. 
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          1.2.2 Rainfall. Although the range of annual rainfall in the Thai teak 

region is 1,000 to 1,800 mm, the most favorable range of rainfall for better growth 

and timber qualities of this species is about 1,200 mm. 

          1.2.3 Temperature. A series of studies on the effects of temperature on 

growth and development of teak seedlings showed that the optimum temperatures for 

growth and development of teak seedlings was between 27/22° C to 36/31° C (day/night 

temperature), with the most favorable temperature being 30/25° C. If the temperature 

dropped either gradually or abruptly beyond 18° C, the seedlings would gradually turn 

yellowish; their leaves would thicken and eventually they would stop growing. 

(Kaosa-ard, 1991).  

          1.2.4 Light. Teak is a light-demanding species and the optimum light for 

its growth and development is between 75 to 100 per cent of the full sunlight. The day 

length, or photo period, appears to have less effect on seedling growth and 

development. At the optimum temperature there is no difference in growth and 

development of the seedlings grown at different day lengths (8,12 and 16 hours) 

(Kaosa-ard, 1991). 

 

  1. 3. Some Properties of Teak and Its Uses 

 

         Teak is one of the most valuable timbers of the tropics. It is extensively 

used for shipbuilding, furniture making, curving and numerous other purposes. The 

properties of teak that make it so valuable include its lightness and strength, stability, 

durability, and working ease. It neither cracks nor splits, is resistant to termites, fungi, 

weather and is also non-corrosive. The physical and mechanical properties of teak 

timber are similar or even superior to other well-known timber of the temperate 

region (Wechasut, 1985). 

 

2. The  Current Status of Teak Plantation Management in Thailand 

 

   The first teak plantation was established on a trial basis in 1906 by the Royal 

Forest Department (RFD) in Phrae province, and a number of pioneer plantations 

were established throughout the northern region during the period of 1906-1943.  The 
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main purpose was to develop techniques for teak plantation establishment.  The 

commercial teak planting programme was initiated by the RFD in 1945 aimed at 

producing high quality teak timber from plantations and reafforestation of the shifting 

cultivated area in the low land area.  Since then, teak has become a high priority 

species in the national forest planting programme (Kaosa-ard, 2000). In 1968 the state 

enterprises, FIO and TPC started growing teak. Extensive commercial planting by the 

private sector started in 1992 with financial support from the RFD’s Reforestation 

fund during the first five years. The total area of teak plantations in Thailand in 1998 

was about 300,000 ha, 69% owned by RFD, 27% by FIO, and 4% by the private 

sector.  Teak is planted in the North (79%), Central Plains (12%), Northeast (9%) and 

South (0.1%) (Thaiutsa et al., 1999). 

 

 Management of teak plantations in FIO is hampered by the lack of a functional 

GIS inventory system for plantation management, the use of outdated growth and 

yield equations and the ineffective management plans.  The teak plantations are tend 

to produce poor timber quality and have relatively slow average growth of stands.  As 

well, the use of outdated data systems and analysis tools could lead FIO to make poor 

decisions, and this could affect its forest certification status with the FSC. 

 

 The planning of the forest resources is of importance in order to ensure 

sustainable forest management (SFM).  This means that both the long-term 

productivity and the utilization of the resources are important.  There are two planning 

tools that are regarded as a minimum requirement to secure the sustainability: the 

compartment record and the long-term plan.  The compartment record as it is today 

should be upgraded with information about the next treatment and restrictions for 

management.  There is today no long-term plan at Thong Pha Phum plantation that 

can give information on sustainability.  Such a long-term plan must be prepared.  The 

planning period should be set at 5 years, which is a reasonable long time considering 

the possibility to project growth and the need for long-term projection (Attebring and 

Jonsson, 1999)   
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  Presently, there is a growing interest from Thai forest product exporters, 

primarily furniture manufactures, to obtain FSC certified wood.  Customers in Europe 

are increasingly requesting certification and thus driving the real need for certification 

(Attebring and Jonsson, 1999)  

 

   Thailand is committed to promoting and implementing certification as a tool 

to measure progress towards SFM of the plantations.  FIO is the first organization to 

set up a new division responsible for Sustainable Plantation Management, to get all its 

plantations certified and to extend SFM consultancy servicing to private plantations.  

In 2003, the FIO managed approximately 132,050 hectares of forest plantations 

scattered throughout Thailand.  Approximately 86,147 hectares (64.24%) of the 

plantations are teak, 19,068 hectares (14.44%) eucalyptus, 5,167 hectares (3.91%) 

rubber and the 21,667 hectares (16.41%) various mixed species.   

 

  The FSC approach was developed by NGOs and private sector actors.  Its 

members, who are split into three equal chambers covering economic, environmental 

and social interests, govern the FSC.  At present, FSC and its accredited certifies offer 

the only established international system of forest management certification (Bass, n.d.)   

 

3. The  Current Management System of Thong Pha Phum plantation 

 

  Forest regulation as practiced by FIO is considered from the standpoint of 

several management factors that have had considerable influence on the initial 

regulatory objectives of FIO. These factors are statement of management policy, 

administrative and operational subdivision, silvicultural system, rotation, operating or 

expenses budget and cutting budget (Banijabatana, 1962). Detail about current 

management system of the Thong Pha Phum plantation can be found in Smartwood 

(2001) and are summarized further in Section 1 of  Chapter 3 (Materials and 

Methods). 
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4. Forest Management Planning 

  

  4.1 The Concept of Forest Regulation 

 

        In recent years, the term forest management has taken a more restricted 

meaning in academic circles. Knowledge needed to biologically manage forests and 

analyze their outputs is taught under titles such as silviculture, protection, and 

biometrics. The forest management title, on the other hand, generally refers to 

methods useful in managerial decision-making and planning (Leuschner, 1984). 

 

        Forests are usually managed to obtain a sustained yield of products, 

historically timber. A sustained yield requires a constant production level for a 

particular management intensity. This means the incremental growth of the forest and 

the harvest must be brought into balance. Thus, the sustained yield is not necessarily 

what is being produced today, but is the potential yield from a forest, once the 

management intensity is decided upon and increment and harvest are balanced. 

 

       This somewhat ambiguous definition of sustained yield has led to at least 

two views of its meaning. One interprets it as the “long-term sustained yield,” the 

yield that a fully regulated or steady-state forest could produce forever. The other 

view interprets it as a “nondeclining even flow,” a yield which starting today 

continued without ever decreasing. 

 

       A regulated forest yields an annual or periodic crop of about equal 

volume, size, and quality. Thus, the goal of forest regulation is to produce a sustained 

yield. Conceptually, the yield can be any product or group of products, not just 

timber. However, it is limited to timber at this point. 

 

       The rotation age is the planned number of years between stand 

establishment and its final harvest.  Rotation age is generally only applied to even-

aged forests or stands.  A distinction is sometimes made between the regulatory 

rotation age, which is the number of years between final harvests, the cutting rotation 
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age, which is the stand’s age when cut.  Cutting rotation age may be less than, equal 

to, or greater than the regulatory rotation age depending on the regeneration system 

that is used. 

 

        Several terms are generally applied only to uneven-aged forests or stands.  

The cutting cycle is the amount of time between successive harvests in a stand.  The 

reserve growing stock is the volume in trees left uncut to produce growth for future 

harvests.  However, reserve growing stock can also apply to trees in an even-aged 

forest that have not yet reached rotation age. 

 

        The allowable cut is the amount of the annual or periodic harvest.  

Allowable cut may be expressed in several different variables, such as volume, area, 

or number of stems.  The cutting budget lists the stands, areas, or volumes by the time 

periods in which their harvest is planned.  It is a plan that specifies which stands to 

cut, when to cut them, and implicitly or explicitly how to cut them.  The allowable cut 

is usually determined without the detail found in a cutting budget and is often used 

when writing the cutting budget. 

 

         The allowable cut and/ or the cutting budget can be determined in several 

ways.  Area control indirectly determines the harvest volume based on the stocked 

forest area.  In the simplest application, forest area is divided by the rotation age or 

the cutting cycle to determine the number of acres a year to harvest.  Volume control 

directly determines the harvest volume based on the growing stock volume and 

increment.  Land area is disregarded.  Many formulas and rules-of-thumb have been 

developed to determine the harvest using volume control. 

 

       Area and volume control are the two classical methods of determining cut 

and hence regulating the forest.  Combined area and volume control and area-volume 

check are two neoclassical methods.  They use elements of both area and volume 

control.  Harvest scheduling uses mathematical programming techniques to determine 

the allowable cut and/ or the cutting budget over multiple rotations or cutting cycles.  
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Much of the remainder of this book presents the methodology for using all of these 

techniques, and most especially harvest scheduling (Leuschner, 1990). 

 

        Ware and Clutter (1971) suggested that a regulation system is based on 

the following fundamental premises. 

 

         4.1.1 The ultimate goal of forest management is the maximization of the 

utility of the forest to the owner. If the owner is profit oriented, this utility can usually 

be measured in terms of quantities such as present net worth, return on investment, or 

the cost of specified wood flow. If the owner is not profit oriented and the emphasis is 

on multiple-use management, the definition and measurement of utility are much 

more difficult. We will be concerned here with profit-oriented firms and will assume 

that maximization of the present net worth of the forest enterprise is equivalent to 

maximizing its utility. This assumption is a considerable abstraction from reality since 

almost all firms have multiple objectives (e.g., survival, growth, acceptable public 

image, employee safety, etc.). However, in both intuitive and mathematical decision-

making, this difficulty is usually circumvented by specifying acceptable values for all 

but one of the objectives and using these values as constraints while optimizing the 

remaining objective. Repetition of this process with varying acceptable values for the 

constraints eventually produces a solution that the decision-maker accepts as the best 

possible compromise among the conflicting objectives. How the decision-maker 

recognizes this best possible compromise is still a matter for conjecture. However, 

pragmatic considerations and general practice suggest that the process is applied most 

efficiently by turning into constraints those objectives which are qualitative or which 

deal with easily conceptualized and well-understood physical relationships. That 

objective for which “acceptable values” are least clearly defined remains as the 

quantity that is optimized. 

        4.1.2 Certain considerations restrict the strategies that can be used to 

achieve the maximization mentioned. These considerations might reflect factors such 

as available labor supply, annual wood requirements for a mill, and minimum 

acceptable levels of total growing stock. 
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        4.1.3 Current management decisions should not generally be controlled by 

a long-range forest structure objective. Changes in markets, technology, prices, and 

costs will almost certainly render such an objective obsolete long before it can be 

attained. The proper basis for management decisions is the maximization of present net 

worth subject to feasibility and policy constraints imposed by the environment and the 

manager of the enterprise. For owners who equate utility with the achievement of a 

balanced age distribution in a minimum length of time, this approach would not differ 

in principle from many of the traditional techniques. When the cut-scheduling 

problem is formulated according to the premises stated it falls into a class of problems 

(optimization subject to restrictions) that can be solved using optimization techniques, 

for example, linear programming.  

 

  4.2 The Principle 

 

       The purpose of production planning is to find the optimal allocation of 

production factors. The task of forest planning is to show the way to use forest 

resources in such a way that welfare, or utility, of the forest owner is maximized. This 

definition encompasses two important aspects of planning. Firstly, planning is always 

optimization by nature, even when numerical optimization methods are not used. 

Secondly, planning aims at maximizing the benefit, or utility, of forest owner. To be 

able to maximize utility, the planner should know which forest products and features 

bring utility to the owner. For this, forest planning needs to estimate the preferences 

of the owner. 

 

        Practical forest planning is not only preference analysis and optimization. 

Inventory, data management, calculation and computer simulation all play important 

roles in the process that leads to a forest plan. Forest planning compares alternative 

forest management plans, which may also be called decision alternatives, aiming at 

finding a decision that has the best possible consequences. Various models and 

calculation techniques are used to predict the consequences of decision alternatives. 

This requires predicting the stand development under alternative management options 

and calculating the amounts of those products and services, which are important to the 
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owner. The predictions use computer simulation and are based on forest inventory data 

stored in a database as well as on models and calculation methods (Pukkala, 2002).  

 

        A Management Plan is a predetermined course of action and direction to 

achieve a set of results, usually specified as goals, objectives, and policies and there 

are components the following (Helms, 1998): 

 

         4.2.1 Area -- all the lands addressed in a land management plan 

         4.2.2 Horizon -- the overall time period considered in the planning 

process that spans all activities covered in the analysis or plan and all future 

conditions and effects of proposed actions that would influence the planning 

decisions. 

         4.2.3 Level -- the scale of the planning effort, usually denoted by the size 

of the land area involved or by the level in the organization at which the planning is 

being done. 

         4.2.4 Period -- the time interval within the planning horizon that is used 

to show incremental changes in yield, costs, effects, and benefits. 

         4.2.5 Process -- the activities necessary to develop information, options, 

alternatives, and recommendations for decision making. A  planning process includes: 

       1) Identifying the problems, opportunities and issues. 

       2) Collecting, analyzing and interpreting the data. 

       3) Formulating potential and appropriate alternative courses of 

action. 

       4) Evaluating the effects and consequences of the alternatives. 

       5) Selecting the plan. 

       6) Implementing the plan. 

       7) Monitoring and adjusting the plan. 

 

        Managed forests are typically divided into mutually exclusive and 

geographically identifiable areas referred to as “cutting units”. Methods for 

delineating cutting units vary in practice but the important aspect of the concept, as used 

here, is the anticipation that cutting units will be even-aged homogeneous stands in 
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subsequent rotations. Each year, the forest manager must schedule cutting in some 

cutting units. These decisions will not, ordinarily, be made without considerable study 

and long-range planning. Typically, a management plan will be prepared listing the 

cutting units to be harvested and /or regenerated during each year of a planning 

period. This ”cutting schedule” can list units scheduled for partial cutting and units 

scheduled for clear cutting.  

 

       The foresters believe that the preparation of a cutting schedule is the heart 

of any timber management operation, for it is primarily through the temporal and 

spatial scheduling of his harvest operations that the forester controls quantities such as 

growing stock volumes, growth rates, cash flow, present worth, and return on 

investment. Admittedly, even the best cutting schedule is of little value if activities 

such as protection, harvesting, regeneration, and marketing are incompetently 

handled. Conversely, the most skilled practitioners in these endeavors cannot 

ameliorate more than mildly the economic and biological handicaps created by an 

ineptly prepared cutting schedule (Ware and Clutter, 1971) 

 

 4.3. Planning Tools 

 

          In the context of planning, the model is called a planning model. The 

planning model is filled with data and solved with a suitable procedure. For example, 

when linear programming (LP) is used as the solution method, the forest-planning 

problem is formulated as an LP model. If goal programming (GP) is used, the 

problem is formulated as a GP model. The data that are included in the planning 

model fall into two categories and come from two sources. First, data on preferences, 

which is obtained from the decision maker and second, data on forest production, 

which is based on the combined use of forest inventory data and models, unit prices, 

etc. (Pukkala, 2002). 

 

        The application of techniques of varying degrees of complexity and 

comprehensiveness calls for the use of a range of mathematical and data processing 

tools. It is impossible to sort these tools into any uniquely ordered hierarchy; each is 
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applied as appropriate to the planning problem and technique of solution adopted. 

Two planning techniques are discussed: LP and simulation. 

 

        4.3.1 Linear Programming 

      Linear programming is one of the most widely used methods for 

solving long-term forest management problems (Ware and Clutter 1971; Dargavel and 

Bethune, 1972; Johnson and Scheurman 1977; Leuschner, 1990). One reason for this is 

the computational efficiency of LP. Another is the versatility by which a constraint matrix 

can be formed out of treatment schedules generated by practically any stand projection 

model (Ohman and Eriksson, 2002). 

      The general problem of linear programming is the search for the 

optimum (minimum or maximum) of a linear function of variables constrained by 

linear relations (equations or inequalities) called constraints (Kilkki, 1968). A linear 

program optimizes a linear objective function subject to a set of linear equalities 

and/or inequalities. The general maximization models is (Leuschner, 1990): 

 

      Max Z = c1x1 + c2x2 + . . . + cn xn     (1) 

 

        Subject to 

 

      a11x1 + a12x2 + . . . + a1nxn    ≤  r1    (2) 

 

      a21x1 + a22x2 + . . . + a2nxn     ≤ r2    (3) 

         .  

         . 

         . 

      am1x1 + am2x2 + . . . + amnxn     ≤ rm    (4) 

 

        and 

          xj       ≥ 0    (5) 

 

      j = 1, 2, 3, . . . , n;   i  = 1, 2, 3, . . . , m    
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         where 

 

        Z = objective function to be maximized 

        xj = choice variables for which the problem is solved    

        cj = coefficient measuring the contribution of the jth choice 

variable to the objective function  

        ri  = constraints or restrictions placed upon the problem   

        aij = coefficient measuring the effect of the ith constraint on the jth 

 choice variable 

 

        Equation (1) is the objective function. Equations (2), (3), (4) form 

the constraint set. These equations constrain the solution so that only available 

resources are used and/or desired production levels are achieved. The model solves 

for the xj. The final equation (5) is the non-negative constraint; this ensures that all 

choice variables are equal to or greater than zero. The equations are linear in the sense 

that the variable exponents are 1 and there are no variable cross products.   

        4.3.2 Simulation 

      Simulation technique is a descriptive modeling technique (Hoover 

and Perry, 1989). Being a descriptive model, it cannot prescribe what should be done 

about the problem. The simulation model, however, allows an analysis of system 

response to alternative management actions, providing a sound basis for decision. 

Perhaps, the best solution could be selected based on system response to alternative 

courses of action systematically and carefully used in the model (Min, 1998). 

      Simulation allows much more flexibility in modeling. Any 

phenomenon that can be represented by mathematical relationships of any form is 

tractable by simulation. Simulation can be described as the process of developing a 

model of a real system and conducting experiments with the model. In a sense, 

optimality is still the goal, since by experimenting we hope to discover the best way 

of managing system. In a simulation experiment, all we do is observe the 

consequences of a specific set of actions corresponding to a management strategy.  
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In essence, simulation allows us to bring the real world to the laboratory for intensive 

study. For that reason, simulation has become one of the most powerful and versatile 

tools for problem solving in forest management (Buongiorno and Gilles, 1987).  

However, several serious weaknesses exist in simulation.  In most cases, library 

programs are not available, and computer programming requires a great deal of time.  

It is also difficult to explain to other people what the simulation model really does.  

Nevertheless simulation introduces the temptation of stopping half-way in 

formulating the problem.  Thus, if it is possible to construct a solvable mathematical 

model that is a reasonable idealization of the problem, this analytical approach is 

generally superior to simulation (Kilkki, 1968).   The applications of simulation 

techniques in forest management were showed in Newnham (1968) and others 

application such as simulating sampling methods (Palley and O’Regon, 1961), 

Management models (Newnham, 1968), fire protection models (Newnham, 1968; 

Buongiorno and Gilles, 1987), stand models (Newnham, 1968) and the area 

production model (FAO, 1986; Shimada, 1986; Thammincha, 1986). 
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MATERIALS AND METHODS 
 

Materials 

 

 1.  Spiegel Relaskop 

 2.  Laser meter and ultrasonic meter 

 3.  Increment borer 

 4.  Tree – ring width instrument and KUTRA 1.0 software package. 

 5.  Diameter tape 

 6.  Topographic map and plantation map 

 7.  Global positioning system (GPS) 

 8.  Computer and software package 

 

Methods 

 

 The Study methodology consists of four stages, i.e., data preparation, 

generation of management alternatives, selection of optimal management alternatives 

and management plan formulation (Figure 1).  These stages are described in detail 

below. 

 

1.  Data Preparation 
 

 Large planning systems require a lot of data, and the management plan for this 

study forest plantation was no exception. Factors relevant to forest regulation 

planning, which would have to be described and assessed, are divided into two broad 

groups. The first group includes the biophysical resources of the forest plantation such 

as land, growing stock, productive potential, etc. The second group covers such 

economic data such as wood prices, demand for forest products and cost of labor and 

machinery. 

 

Up-to-date records of plantation areas and inventory measurements were 

contained in an existing information system (Dargavel, 1978). All other data such as 
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cost had to be specially prepared, some from existing formal organization systems, 

data, and some from the subjective experience of local managers expressed 

numerically. The biology, growth and yield teak plantations were reviewed. Data 

from forest inventory plots were analyzed to test any plausible hypotheses.  The 

purpose of the review and analysis was to identify the latest advances in physical 

resources and economic components. 

 

 1.1 Surveying and Mapping 

 

       Forest plantation maps are required for legal purpose, for forest inventory, 

territorial organization, assessing growth and yield and for routine management. 

Surveying and mapping techniques were done by using photogrammetry, cartography, 

othophotos, Global Positioning System (GPS) and Geographic Information System 

(GIS) techniques.  

 

       Mapping of the forest plantation was based on photo patterns interpreted 

from 1:25000 scale colour aerial photos. The stand boundaries of all the forest stands 

within the forest plantation were identified and delineated by stereoscopic photo 

interpretation. The Management Plan area was defined as commercial teak plantation 

12 – 26 years old and included 19 stands. The delineated boundaries of these stands 

were digitized. 
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Figure 1. Schematic diagram of the methodology. 
 

Surveying and 
Mapping 

Inventory System 
- Forest Plantation 
- Economic Data 

Organization of 
Forest Plantation 

Area Sub-division of 
Forest Plantation 
- Management Unit 

Growth and Yield 
Assessment 

Existing Situation  
- Bio-Physical Resources 
- Economic data 

- Growth and Yield   
   Model 
- Yield Table 

Database for Teak 
Plantation 
Management 

- Photogrammetry 
- Cartography 
- GIS

Forest Plantation Map 

Activities Techniques Output 

-Sampling Techniques 
- Literature Teview 

-Statistics 
-Photogrammetry 
- Cartography 
- GIS 

- Sampling Techniques 
- Tree Ring Analysis 
- Simulation Techniques 

Stage 2 Generation of  
Management Alternatives   

Stage 3 Selection of 
Optimal  Management 
Alternative 

Stage 4 Management 
Plan Formulation 

Management Regime - Simulation Techniques 

Optimal Management  
 Alternative   

- Linear Programming 

The Effective 
Management Plan 

Gantt Chart 
 

Stage 1 Data preparation 



 20

100×
251
050

.

.

 1.2 Inventory System 

 

       1.2.1 Sampling intensity and design 

     The inventory system employed was a systematic sampling 

technique using line plot cruising and a sampling intensity of 1.25%. Line plot 

cruising consists of a systematic tally of timber on a series of plots that are arranged in 

a rectangular or square grid pattern.  Compass lines were established at uniform 

spacing, and plots of equal area were located at predetermined intervals along these 

lines. Plots were 0.05-hectare circular plots.  According to the inventory plan, every 

age class in the Management Plan area was inventoried. The aim of the sampling and 

the method of measuring all trees in a plot were to give an unbiased estimation of the 

total standing volume in the area.  

     Systematic line-plot inventory was planned on a percent cruise basis 

as each plot represents an area. The nominal area represented by each plot is 

computed using the following proportional relationship:  

 

     Plot size  = Cruising percentage   (6) 

Area represented   100     

 

    Thus for a sampling design for a 1.25 % line-plot cruise intensity  

using 0.05 hectare circular plots, the area represented is computed as:  

 

        0.05  =  1.25    (7) 

Area represented   100  

 

   This relationship simplifies to: 

 

   Area represented by each plot    =              = 4 hectare  (8) 

 

  By the same token, 4 hectare (40,000 square meters) represented area 

may also be accomplished by spacing the same 0.05 hectare circular plots at intervals 

of 200 x 200 or 400 x 100 meters, and so on.  
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     The following equation was used to determine the optimizing sample 

size (number of plots) (Avery and Burkhart, 1994; Shiver and Borders, 1996): 

 

     n  =        (9) 

 

      where 

 

   n  =  estimated sample size (number of plots) 

   Z  =  a value from the normal distribution for level of confidence 

   S2  =  variance among sampling units in the population of  

                                                interest 

   d   =  desired allowable error (percent)  

 

       1.2.2 Data collection 

     1) Economic data  

         The literature on the forest plantation area, biology, growth and 

yield, past silvicultural practices, management restriction and economic data were 

reviewed. Economic data is taken to cover (a) economic measures (in the narrow 

sense) such as operational costs, stumpage prices and forest worker wages from forest 

records, and (b) data on all aspects of economic activities outside the forest plantation, 

such as transportation cost and royalty. 

      2) Tree measurement 

          The diameters, heights, and volumes required to develop the 

volume functions are ideally obtained by direct stem measurements of felled trees. It 

is important that a representative sample of trees spanning the full range of sizes 

(diameter at breast height (dbh) and heights) of interest be obtained. But for this 

study, felled trees were not available so volumes were computed using the Spiegel 

relaskop. Diameter readings were made at intervals along the stem, and sectional 

volumes were computed using Huber’s formula. These sectional volumes were then 

summed to produce an estimate of the portion of stem volume of interest, and the 

stumpage value was calculated. 

d

SZ
2
22
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          Grading factors used for teak logs were log diameter, log length 

and tree-defects. The ability to make proper allowance for defective trees encountered 

on timber inventories requires experience that was gained by (1) getting repeated 

practice in estimating standing tree defects and (2) observing the sawing and 

utilization of defective logs at log yard and various mills. 

           Portable electronic data recorders and paper tally sheets were used. 

Tally sheets, including pertinent locational headings, are shown in Appendix Figure 1. 

           A regression analysis was used to construct yield tables. In this 

approach, a number of independent variables were analyzed to determine their relative 

value in predicting the dependent variable (tree volume).  Regressions involving 

several independent variables and hundreds of sample trees were fitted using 

statistical computer packages. 

 

 1.3 Organization of Forest Plantation 

 

        1.3.1 Method 

      Management units are administratively defined areas that define a 

typical timber stand. Various names are used for these basic management units (e.g., 

compartments, working areas, management units). In this study, the plantation area is 

stratified into management units based on age classes, silvicultural treatments, location 

and site classes, to attain sufficiently homogeneous areas for long-term planning. The 

sizes of management units is defined in a GIS and designed for planning goals and 

constraints as follows:  

        1) Age classes: there are 12 – 26 years of age and divided into 3 

age class (12-16, 17-21 and 22-26). 

        2) Silvicultural treatments: establishment, spacing and thinning. 

        3) Location: there are 19 stands of teak of various age and locations. 

        4) Site classes: classes based on analyzing basal area per rai by using 

analysis of variance and multiple comparison techniques. 
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        1.3.2 The need for information 

         The management unit records will give information needed for 

evaluation of the yearly plan of operations. For this purpose the following information 

is needed: 

      1) Height, basal area, growing stock, growth, yield and site class 

estimated for each management unit from existing plot measurements. 

      2) Establishment. A detailed analysis of the past and proposed future 

management of establishment program. 

      3) Thinning. Thinning prescriptions are defined by the current 

annual increment remaining after thinning and by yield. There are three regimes in 

Thong Pha Phum plantation, i.e., unthinned, thinning once and thinning twice. The 

thinning interval and effects of thinning on growth and yield of trees are determined 

from plot measurements and tree ring analyses. These results are used in the 

simulation. 

      4) Operational Costs. The plantation cost records are examined for 

each activity. The records are translated to constant price terms using local price 

indices for labor, equipment, vehicles, materials and transportation prepared from FIO 

records. The future operational costs are reviewed and modified by manager and 

forester base on trends in this data wherever future operations are likely to result in 

different future costs. Forecasts for the silvicultural techniques are made solely on a 

budgeting basis. 

      5) Wood supply and demand. Schedules of teak wood supply from 

the Thong Pha Phum plantation are obtained, both maximum and minimum quantities 

available to be purchased. 

      6) Management records and restrictions. 

      7) Other factors. Many other data will be collected covering such 

things as:  

•  Tax and discount rates, 

•  Survival expectations under different treatment, 

•  Reduction factors on fertilization, weed control and tree 

breeding responses, estimate from research data to reflect operational difficulties and 

scale, and 
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•  A factor to represent loss in productivity equivalent to  

that expected from fire, insect and disease. 

 

 1.4 Assessing Growth and Yield 

 

       Growth is the change or rate of change in a selected stand attribute over 

time. Yield is the amount of some selected stand attribute that can be harvested at any 

point in time. Thus, growth is a biological production concept, and yield is an 

operational concept. Both are usually measured in physical units such as volume or 

basal area. 

 

        The growth and yield model of teak plantations varies considerably with 

the age of the tree, silvicultural treatments and site classes. The aim of sampling was 

to establish the central trend of growth pattern as accurately as possible. The sample 

trees are selected in plantation by using sampling techniques based on diameter at 

breast height (dbh) - normal distribution curve and divided into 6 sections, and in each 

section 3 sample trees were selected. Eighteen sampled trees in each management unit 

were cored at breast height using an increment borer. Two samples from opposite 

sides of each tree were taken to investigate radial increment using tree ring analysis 

technique. Tree-ring width was measured to the nearest 0.001 mm under a binocular 

microscope with a linear stage interfaced with a PC computer. The KUTRA 1.0 

(Kasetsart University Tree Ring Analysis 1.0) was used to plot the series for visual 

cross-dating. Radial increment was related to age for growth and yield modeling using 

regression analysis and the simulation technique.  

 

        Approaches to predicting stand growth and yield that use individual trees 

as the basic unit, referred to as individual tree models, were used in this study. The 

components of tree growth in these models were linked together through a computer 

program that simulates the growth of each tree and then aggregated these to provide 

estimates of stand growth and yield. Models based on individual-tree growth provide 

detailed information about stand dynamics, including the distribution of stand volume 

by management unit. 
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       From the planning perspective, the key result from growth and yield 

simulations is a yield table that quantifies the projected flow of merchantable volume 

over time period on each management unit. 

 

2.  Generation of Management Alternatives  

 

 2.1 Forest Plantation Management Objectives 

 

       The ultimate objective is a harvest schedule that will meet imposed 

restrictions while producing a total present value that differs by a minimum amount 

from the value that would be obtained by implementing the optimum management 

regime in each cutting unit. In making a decision, the choice for the course of action 

to take is not always based upon a simple, single criterion like profit. Often, there are 

other important considerations. A decision should accomplish necessary and desired 

results to have significance; certain outputs are expected. At the same time, the 

resources that aid and limit the choice of alternatives must also be considered. These 

are the inputs available to implement the decision. The forest plantation management 

objectives can be classified as fallows: 

 

        2.1.1 Determine the maximum sustained yield for a forested plantation 

area. 

         2.1.2 Define the structure of the forest plantation necessary to maintain 

the desired sustained yield. 

         2.1.3 Determine the optimal management regimes on plantation area. 

 

 2.2 Limiting Assumptions  

 

       The identification of alternative forest plantation management regimes 

rests on the management’s view of its objectives, environment, resources and 

constraints as a result of its assessment of the management situation. In general, it is 

vital for the management to have a good assessment of the controllable and non-
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controllable elements of the system. The controllable elements are the systems 

resources characterized by certain attributes. In the forest regulation system, these 

decision include length of the cutting cycle/rotation, timber stand treatments, length of 

planning periods/horizon, length of development/conversion periods, road 

development schedules, and entry periods. 

 

       The non-controllable elements arise from limitations or constraints which 

management would have to work around. Such constraints may be brought about by 

biophysical, social and economic factors like topography, climate, structure of forest 

stands, species mix, site quality, and others that are beyond the control of the 

manager. 

 

      A management alternative is merely a set of specifications for the 

controllable elements subject to limitations imposed by non-controllable elements. In 

this study, a very large number of management alternatives can be avoided and can be 

specified for each management unit. Some assumptions limiting the values of 

attributes of both controllable and non-controllable are: 

 

       2.2.1 The management alternatives or regimes were generated to simulate 

the development of each management unit according to planning period, rotation 

ages, and were built up from combination of harvesting, establishment and 

maintenance and thinning. 

       2.2.2 A planning horizon is 30 years, the plan is assumed to start in a 

particular year, say 2005. This planning horizon is divided in 6 cutting periods of five 

years each, because formal planning for FIO projects is done annually on a rolling 

schedule that considers a period 5 years. It is assumed that all harvesting and 

regeneration activities within a cutting period occur at the end of calendar year lying 

on or immediately following the midpoint of the period. 

       2.2.3 The rotation ages are for multiple rotations of 16-20, 21-25 and 26-

30 years and single rotations of 16-20, 21-25 and 26-30 years. 

       2.2.4 The forest plantation is to remain permanently under timber 

production. 
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       2.2.5 The forest plantation has been divided into cutting units, which may 

be variable in area but are uniform with regard to age classes, silvicultural treatments, 

location and site classes. 

        2.2.6 The final harvest will be by clear-cutting. 

        2.2.7 Forest plantations are replanted one year after harvest. 

        2.2.8 The stands will be regenerated artificially. 

        2.2.9 A list of reforestation alternatives exists for each management unit, 

and information regarding establishment and maintenance costs, harvesting cost, 

administrative and supervision cost, rotation, thinning, total product output and 

returns from final harvest and thinning are known. 

        2.2.10 The discount rate is 5.75 percent. 

        2.2.11 All presently existing stand must be harvested at the end of cutting 

period six. The minimum permissible harvest age for subsequent stands is 15 years. 

        2.2.12 Management of the forest is profit-oriented such that a meaningful 

objective is the maximization of the net present value of the forest plantation. 

        2.2.13 The number of thinning in each management regime is one or two 

times (first thinning and second thinning); 16-20 year-rotation for the first thinning at 

the age of 6-10; 21-25 and 26-30 year-rotations for the first and second thinning at the 

age of 6-10 and 16-20 respectively. 

         2.2.14 Yield obtained from thinning base on the real harvesting data of 

the plantation and simulate into subsequent stand base on existing data. 

 

 2.3 Identification of Forest Plantation Management Alternatives 

 

       After the limiting assumptions are specified, application of the system 

requires the definition of all permissible management regimes where a management 

regime is defined as a feasible pattern of successive harvests in a management unit 

during the planning period. Harvest yields and total present values under the various 

management regimes for a typical will be computed. 
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        Table 1 presents alternative management regimes defined for management 

units inside the Thong Pha Phum plantation. The activities involved and their symbols 

are the following: 

 

  C = Cut/harvesting, establishment and maintenance 

  1T = First thinning 

  2T =  Second thinning 

 

Table 1  Fourteen alternative management regimes, with 6 cutting periods of 5 years each. 

 
Cutting periods Management 

regimes 1 2 3 4 5 6 

1 C 1T  2T   

2 C 1T  2T  C 

3 C 1T  2T C  

4 C 1T  C 1T  

5  C 1T  2T  

6  C 1T  2T C 

7  C 1T  C 1T 

8   C 1T  2T 

9   C 1T  C 

10    C 1T  

11     C 1T 

12      C 

13 C 1T   C  

14  C 1T   C 

 

        Management alternatives for existing forest plantation are defined using a 

combination of C 1T and 2T. For example, in management unit 2, the regime consists 

of harvesting, establishment and maintenance of existing stand in first and sixth 

cutting period, first thinning in cutting period 2 and second thinning in cutting period 4. 
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3. Selection of Optimal Management Alternative  

 

 A model that generates the management regimes provides an estimate of the 

contribution to corporate profit for each alternative regime considered for each 

management unit. The core of the system is the optimal management alternative. The 

optimal management alternative is formulated as a linear programming closely 

patterned after that by Ware and Clutter (1971); Dargavel and Bethune (1972); 

Johnson and Scheurman (1977); and Leuschner (1990). The activities considered in this 

formulation are the area of each management unit to be managed under each 

management regime. These activities are selected so that the total contribution to 

corporate profit is maximized. Consider the problem of scheduling 11 management 

units through a planning period of 30 years with 6 cutting periods of 5 years each.  

 

 3.1 Computation of Net Present Value (NPV). 

 

        To compute the NPV for forest plantation, the notation NPVij (net present 

value of management unit i under management regimes j) is used. This can be 

calculated by the formula: 

  

  NPVij  =               (10) 

 

  where,  

  NPVij   =        net present value per rai of management unit i  

               under management regimes j 

  Vijt  =        value per rai of management unit i if managed  

               according to management regime j in cutting period t 

  r  =        rate of interest, 5.75 % 

  y  =        cutting period, 5 years 

   t   =        cutting period i.e. t=1, 2, 3, …,6 
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 3.2 Management Constrains 

 

       The following management constraints are imposed: 

 

        3.2.1 Area. The management area must be not greater than the total area. 

        3.2.2 Regulation. The total of the standing volumes on each management 

unit at the end of the planning period for each selected management regime must 

exceed the quantity of growing stock required to sustain the yield after the end of the 

planning period, or the plantation must be regulated forest. 

        3.2.3 Budget. The cost of the forest operations (clearing, planting, 

fertilizing, thinning etc.) for each selected management regime must not exceed the 

budget available in each period. 

 

 3.3 The Linear Programming (LP) Model. 

 

       There are j management regimes, i management unit, with each regime 

producing a net present value. To mathematically represent the variables involved in 

the model the following notation is defined: 

 

  i      =  management unit (i = 1,2,3,…,m) 

  j      =  management regimes (j = 1,2,3,…,n) 

  NPVij     =  net present value of management unit i under management  

                                           regimes j   

  MUiMRj  =  area of management unit  i  under management regimes j 

  Bij        =  budget of management unit  i under management regimes j   

 

      From the above notation, the cut-scheduling problem can be formulated. 

The objective function effort to maximize net present value (Z) of timber produce 

from the teak plantation during the planning horizon as required under FIO policy 

statutes and research database, where 
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       Objective function 

 

            Max Z = ∑ ∑
m

1=i

n

1=j
NPV ij MUiMRj                (11) 

 

        Subject to  

 

             Area constraint 
     

  ≤    Total area of management unit i  (12) 

 

   Budget constraint 

 

            ≥    Minimum budget/period     (13) 

 

Regulation constraint 

 

      ≤  Area/ period               (14) 

 

   Non-negative constraint 

 

   MUiMRj   ≥  0    (15) 

 

       Equation (11) is the objective function. Equations (12), (13), and (14) are 

the constraint set. These equations constrain the solution so that only available 

resources are used and/or desired production levels are achieved. The model solves 

for the MUiMRj. The final equation (15) is the non-negative constraint. This assures 

all choice variables are equal to or greater than zero. The equations are linear in the 

sense that the variable exponents are 1 and there are no variable cross products.   

  

       Through a linear programming model, the optimal solution to the forest 

plantation problem was derived by using the LINDO 6.1 software. 
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4.  Management Plan Formulation 

 

 A Management Plan was formulated for the Thong Pha Phum forest plantation 

based on the optimal management alternatives identified from the LP. The 

Management Plan was displayed in the form tables and maps, which are convenient 

for implementing, monitoring and adjusting the Management Plan. 

 

Study Area 

 

 The study area was the Thong Pha Phum Plantation of the FIO in the Thong 

Pha Phum District, Kanchanaburi Province in western Thailand. This plantation is at 

latitude of 14038′ –14046′ N and the longitude of 98037′-98046′ E (Figure 2). The 

study was carried out during the period 2002-2005. Detail about the Thong Pha Phum 

plantation as found in Smartwood (2001) are summarized below. 

 

1.  Forest Type and Land Use History  

 

 Thong Pha Phum plantation is a commercial forest plantation.  Native Species 

account for 78% of the planted area: Teak (62%), Melia (8%), Hopea, Lagerstroemia, 

Pterocarpus, Dipterocarp spp., and others (8%). Exotic species account for 22%: 

Eucalyptus (14%), Hevia (rubber)(7%), Acacia and others (1%). Productive 

plantations occupy about 90% of the area.  The remaining 10% is conservation zones 

(4%), wet and rocky areas, roads, log yards, etc (6%). 

 

 Historically, the area was used for shifting agriculture by Karen and Mon 

ethnic groups, who migrated from near the Myanmar border about 100 years ago.  At 

the time of establishment, in 1978, those people who lived along the river, outside the 

plantation area, and those new migrants (about 50 years ago) from northern Thailand, 

cultivated the area that is now the plantation. 
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Figure 2  The location of study area 
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 In the early 1980s, villagers were displaced by a nearby hydropower 

development (Khao Laem Dam) and were resettled in eight villages located along the 

western boundary of Thong Pha Phum plantation.  These people were provided with 

land for agriculture, housing and services (water, electricity, etc.).  There are presently 

no people living inside the plantation area.  The only agricultural activities in the 

plantation are limited areas of inter-cropping of agricultural crops (rice, corn, beans) 

in the newly planted plantations.  Villagers from the FIO forest village and nearby 

villages plant and harvest these crops for about 3 years following plantation 

establishment.  They protect and maintain the young plantations in exchange for their 

temporary use of the land for cultivation of annual crops. 

 

2.  Environmental Context 

 

 Thong Pha Phum plantation is surrounded on three sides by national parks, 

encompassing 370,000 hectares of forest. Thong Pha Phum plantation is only a minor 

part of the catchment feeding the downstream hydropower reservoir. With the large 

Thong Pha Phum National Park along its west boundary and the main river on the 

east, Plantation’s 17 km long and 2 km wide plantation provides a natural wildlife 

corridor between the park and the river-the main dry season water source. The 

national parks of the region are home to a diverse wildlife population. Thong Pha 

Phum plantation has set aside 6 % of the area as conservation zone. In the plantation, 

only one vulnerable species is found: the Queen Sirikit Crab. The Queen Sirikit Crab 

Reserve (48 ha) offers a partial corridor of natural vegetation for wildlife migration. 

This reserve does not span the entire distance between the park and the river. Wildlife 

migration could be enhanced by encouraging regeneration of natural vegetation in the 

plantation blocks to the west and east of the crab reserve. 

 

Thong Pha Phum plantation is located on mostly flat to moderately rolling 

hills (300 m.a.s.l.).  There are a few pockets of steep terrain and wetlands in the 

Thong Pha Phum area.  There are only a few year-round streams.  The exception is 

the Khaveng stream.  Most streams in Thong Pha Phum carry water only during the 

wet season (May-October).  Waterfall in the Thong Pha Phum plantation area runs 
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into a reservoir that feeds a nearby Khao Leam hydropower dam.  To the east of 

Thong Pha Phum area rolling hills with farms managed by small holders who 

obtained title under the ongoing Thailand land allocation program.   

 

Thong Pha Phum plantation occupies a linear belt, stretching about 15 km 

long and 2 km wide, along the base of very steep limestone mountains which lie to the 

immediate west of Thong Pha Phum.  These mountains are part of a large (780,000 

rai) National Park, which is covered in natural forest.  This National Park (Thong Pha 

Phum), and two other National Parks (Khao Laem, Sai Yoke), lie to the west, north 

and south of Thong Pha Phum.  In total, the three national parks cover 370,000 ha.  

These are strictly managed by the Royal Thai Forest Department ensure maintenance 

of watershed protection and conservation functions.  Compared to the large area of 

surrounding national park, Thong Pha Phum plantation (3,008 ha) is a relatively small 

area.  There is no possibility to expand the plantation. 

 

3.  Management Objectives 

 

 Thong Pha Phum plantation management objectives are to manage plantations 

containing a mixture of original (native) species and/or economic (rubber and fast 

growing exotic species) species while achieving: 

 

 3.1 Financial independence (economic viability); 

 

 3.2 Environmental sustainability; and 

 

 3.3 Employment and economic opportunities for local communities (social 

sustainability). 

 

4.  Annual Allowable Cut 

 

 Annual wood harvests are determined by the yields of areas scheduled for 

thinning and final felling as outlined in the management plan. The thinning and final 
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felling schedules are: 10 years-thin to 50 standing trees/rai; 15 years-thin to 35 

trees/rai; 20 years thin to 25 trees/rai; and 30 years final felling of remaining 25 

trees/rai. 

 

 Thinning schedules have been shifted in recent years because prior to 1997, 

Thong Pha Phum plantation had not obtained registration for its plantation under the 

forest plantation law. Harvesting wood was complex due to bureaucratic procedures 

and thinning was often postponed. In 1977 Thong Pha Phum plantation received its 

plantation registration and therefore thinning schedules have been accelerated to 

accommodate areas not thinned in earlier years. Harvest of non-wood forest products 

is not formally monitored at Thong Pha Phum plantation. 

 

5.  Silvicultural System 

 

 The Thong Pha Phum plantation is managed on an even-aged, poly-cyclic 

cutting system, with “low thinning” at 10, 15 and 20 years to remove trees of small 

size and poor form. This ensures that remaining trees have sufficient space, light, 

water and nutrients to achieve optimum growth rates. The remaining standing trees 

are harvested at 30 years. The cutting cycle is designed to produce teak logs of a 

commercial size (>30 cm dbh) at final felling. One dominant tree per rai is left for 

seed tree. Tree of native species that regenerate in the plantations are harvested during 

thinning, but also left to mature along with the remaining planted trees. Exceptionally 

large trees of native species are retained as “eternity trees”. 

 

 Regeneration of plantation species following final felling is by selection of the 

coppice shoots with the best growth and form. If coppices fail to provide satisfactory 

regeneration, re-planting is done using planning stock (cutting) from one of FIO’s 

regional forest nurseries. Natural regeneration of native species is not planned for. 
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6.  Harvesting System 

 

 Thong Pha Phum plantation uses a harvesting system with the following 

features: 

 

 6.1 Chainsaws and axes are used for thinning/pruning trees. 

 

 6.2 Elephants skid tree-lengths to plantation skid trails. 

 

 6.3 Farm tractor or rubber-tired skidder skids logs on skid trails to 

compartment log yard on main road. 

 

 6.4 Manual labor measures, grades, cross-cuts, classifies and piles logs in sales 

lots for sale at log yard. 

 

 6.5 Elephants and manual labor load logs onto trucks for transport on main 

forest roads and public roads. 

 

 6.6 Road construction is undertaken by central, regional road construction 

units, which are responsible for road construction in a number of FIO plantations. The 

road systems for Thong Pha Phum plantation is now complete and therefore no new 

road construction is planned. 
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RESULTS AND DISCUSSION 
 

1. Database for Teak Plantation Management  

 

 1.1 Forest Plantation Map 

 

       The Thong Pha Phum teak plantation area was surveyed and mapped using 

photogrammetry, cartography and GIS techniques. This plantation map is shown in 

Appendix Figure 2.  

 

 1.2 Existing Situation  

 

       Information relevant to forest plantation management planning is divided 

into two broad groups: the economic data and the bio-physical resources of the forest 

plantation. The information used for this study was obtained from a forest inventory 

and secondary data from the FIO.  The Management Plan area was defined as 

commercial teak plantation area of age 12 – 26 years; the total area was 6,143 rai (1 

rai = 0.16 hectares). 

 

        1.2.1 Economic data 

      The operational costs of each teak plantation management unit, 

which included establishment cost, harvesting cost and administrative and supervision 

cost, were obtained from Chanwowwam (2002) and the FIO. These costs were 

inflated at a  rate of interest of 5.75 percent.  The teak plantation management unit 

costs used are as follows: 

       1) Establishment and maintenance cost data as shown in Appendix 

Table 1 and Appendix Table 2. 

       2) Harvesting cost data in first thinning, second thinning, third 

thinning and final cutting are 510, 567, 619 and 764 baht/cubic meter, respectively 

(Chanwowwam,2002). 

       3) Administrative and supervision cost were gathered from survey 

and receipts. The average value is 1759.89 baht per rai. 
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        4) The stumpage price in each log grading was shown in Appendix 

Table 3. 

     Note that in teak plantations, individual jobs are often capable of 

precise specification because of the consistency of materials and operations. It is usual 

to maintain a record of the costs of each job of any significance. Accounts kept in this 

way provide a basis for both financial and cost accounting and enable production 

efficiency to be assumed and comparisons to be made between the results from 

different periods, different production unit of different processes that result in the 

same end product. Cost accounting also provides information for future budgeting and 

for calculating the selling price necessary to show a satisfactory profit. 

        1.2.2 Bio-physical resources 

      The inventory system used was as a systematic line plot sampling 

system. The sampling intensity was 1.25 %, with a tally of timber on a total of 214 

0.05-hectare circular plots. The 214 plots were located and distributed according to 

location, stand age and silvicultural treatments or stand density (spacing and 

thinning). The area inventoried covered the Management Plan area, that is, 

commercial teak plantations 12 – 26 years old. The distribution of the sample plot by 

stand age, location, and silvicultural treatments is shown in Figure 3 and Table 2. 
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Table 2  Distribution of sample plots by stand age, location and silvicultural treatments 

 
Silvicultural treatment 

Year of 

planting 

Age 

(yrs.) 

Location 

code 
Spacing 

(m) 
Thinning 

Year 

thinned 

Area 

(rai) 

Number of 

sample plot 

1978 26 34 4x4 2’nd thinned 1999 538.75 18 

1980 24 12 4x4 2’nd thinned 2000 997.86 39 

1981 23 13 4x4 2’nd thinned 2001 364.15 13 

1981 23 18 4x4 2’nd thinned 2001 203.58 8 

1982 22 23 4x4 2’nd thinned 2002 514.67 13 

1984 20 52 4x4 1’st thinned 1999 28.56 2 

1984 20 53 4x4 2’nd thinned 2003 356.16 11 

1986 18 5 4x4 1’st thinned 2001 57.56 5 

1986 18 11 4x4 1’st thinned 2001 177.77 10 

1986 18 17 4x4 1’st thinned 2001 303.25 13 

1987 17 38 4x4 1’st thinned 2003 80.80 4 

1987 17 46 2x4 unthinned - 477.79 13 

1988 16 31 4x4 1’st thinned 2003 158.98 7 

1988 16 43 4x4 unthinned - 84.31 3 

1988 16 44 4x4 1’st thinned 2003 247.77 8 

1988 16 45 4x4 unthinned - 406.77 11 

1989 15 26 4x4 unthinned - 210.35 8 

1991 13 41 4x4 unthinned - 125.34 5 

1992 12 49 4x4 1’st thinned 2002 808.24 23 

Total      6143 214 

 

    All trees with merchantable volume were measured and record in 

each sample plot. The stand average merchantable volume and present value of teak 

by teak plantation area, silvicultural treatment, location and age are presented in Table 3. 
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Table 3  Merchantable volume (inside bark) and present value of teak at the 

             Thong Pha Phum Plantation 

 
Silvicultural treatment 

No. 
Year of 

planting 

Location 

code 
Spacing 

(m) 

Thinning Year 

thinned 

Area 

(rai) 

Volume 

per rai 

(cu.m.) 

Present 

value per 

rai (baht) 

1 1978 34 4x4 2’nd thinned 1999 538.75 4.176 29,423.70

2 1980 12 4x4 2’nd thinned 2000 997.86 15.142 177,114.51

3 1981 13 4x4 2’nd thinned 2001 364.15 8.222 69,832.79

4 1981 18 4x4 2’nd thinned 2001 203.58 5.943 44,126.39

5 1982 23 4x4 2’nd thinned 2002 514.67 15.055 125,712.33

6 1984 52 4x4 1’st thinned 1999 28.56 23.434 226,577.27

7 1984 53 4x4 2’nd thinned 2003 356.16 16.447 143,745.11

8 1986 5 4x4 1’st thinned 2001 57.56 16.783 129,672.07

9 1986 11 4x4 1’st thinned 2001 177.77 9.156 78,984.73

10 1986 17 4x4 1’st thinned 2001 303.25 9.060 60,761.39

11 1987 38 4x4 1’st thinned 2003 80.80 16.712 124,377.50

12 1987 46 2x4 unthinned - 477.79 14.573 74,079.37

13 1988 31 4x4 1’st thinned 2003 158.98 15.542 112,453.82

14 1988 43 4x4 unthinned - 84.31 12.021 68,469.85

5 1988 44 4x4 1’st thinned 2003 247.77 5.284 26,034.99

16 1988 45 4x4 unthinned - 406.77 11.063 67,652.06

17 1989 26 4x4 unthinned - 210.35 4.348 17,893.61

18 1991 41 4x4 unthinned - 125.34 10.295 51,865.60

19 1992 49 4x4 1’st thinned 2002 808.24 10.850 63,462.56

 
 1.3 Area Sub-Division of Forest Plantation 

 

                 In order to facilitate management and administration, the management 

units were sub-divided territorially in number of ways. These sub-divisions are made 

primarily for the purpose of organizing forest operations and controlling yield on the 

one hand, and for defining territorial responsibility and providing a permanent basis 

for locating stands and maintaining records on the other. The plantation area was 
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stratified into groups based on age classes, silvicultural treatments, location and site 

classes.  

 

                  The groups of stands in various ages and locations are shown in Table 4.  

After that the basal area per rai in each stand was analyzed using analysis of variance and 

multiple comparison techniques, to assign site class to each stand. The size of 

management units defined in a GIS was designed for planning goals and constraints. 

The eleven management units and information need for evaluation of the yearly plan 

of operations are shown in Table 5 and Figure 4. 

 

Table 4  The groups of teak stands by age classes, silvicultural treatments and locations 

 
Stand Description Location code Year of planting 

Age class 12-16, 

unthinned and  

spacing 4x4 m. 

26, 41, 43 and 45 1989, 1991, 1988 and 

1988 

Age class 12-16, 

1’st thinned and  

spacing 4x4 m. 

31, 44 and 49 1988, 1988 and 1992 

Age class 17-21, 

unthinned and  

spacing 2x4 m. 

46 1987 

Age class 17-21, 

1’st thinned and  

spacing 4x4 m. 

5, 11, 17, 38 and 52 1986, 1986, 1986, 1987 

and 1984 

Age class 17-21, 

2’nd thinned and  

spacing 4x4 m. 

53 1984 

Age class 22-26, 

2’nd thinned and  

spacing 4x4 m. 

12, 13, 18, 23 and 34 1980, 1981, 1981, 1982 

and 1978 
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Table 5  Management unit and existing situation  

 
Silvicultural Treatment 

Management   

unit (MU) 

Age 

class Spacing Thinning 

Area 

(rai) 

Volume 

per rai 

(cu.m.) 

Value per rai 

(baht) 

1 12-16 4x4 unthinned 210.35 4.348 17,893.61

2 12-16 4x4 unthinned 532.10 10.734 60,886.20

3 12-16 4x4 unthinned 84.31 12.021 68,469.85

4 12-16 4x4 1’st thinned 247.77 5.284 26,034.99

5 12-16 4x4 1’st thinned 967.20 12.526 80,959.44

6 17-21 2x4 unthinned 477.79 14.573 74,079.37

7 17-21 4x4 1’st thinned 619.38 11.539 89,028.87

8 17-21 4x4 1’st thinned 28.56 23.434 226,577.29

9 17-21 4x4 2’nd thinned 356.16 16.447 143,745.11

10 22-26 4x4 2’nd thinned 1,106.48 5.980 46,874.73

11 22-26 4x4 2’nd thinned 1,512.53 15.094 148,557.75

 

 1.4 Growth and Yield Model 

 

        Knowledge of forest growth and yield is basic in forest management 

planning. This study determined the growth and yield of the teak plantations using 

tree ring analysis, regression analysis, and simulation techniques. Based on the 

inventory data, the relationship between tree diameter at breast height (dbh) and tree 

merchantable volume (V) was expressed as regression equations of varied model 

forms. The optimum models were chosen after considering the equation coefficient of 

determination, standard error of estimate, and F-value or Sig.-value respectively. 

Table 6 shows the optimum V-dbh model for each management unit. The current 

annual increment in tree-ring width (diameter growth) is expressed in Figure 5 and 

Table 7. 
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Figure 4  Management unit of Thong Pha Phum teak plantation
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Table 6  Merchantable volume models of teak by management unit. 

 
Management 

unit 
Model R2 SE F dbh range 

1 V = -0.1350 + 0.0147dbh 0.66 0.0336 134.7745* * 10-28 

2 V = -0.1318 + 0.0147dbh 0.61 0.0482 238.5951* * 10-31 

3 V = -0.1236 + 0.0136dbh 0.60 0.0602 64.8824* * 10-29 

4 V = -0.1440 + 0.0144dbh 0.78 0.0372 219.0942* * 11-30 

5 V = -0.2365 + 0.0212dbh 0.69 0.0658 600.0350* * 12-34 

6 V = -0.1858 + 0.0188dbh 0.75 0.0395 505.0237* * 11-29 

7 V = -0.3120 + 0.0245dbh 0.74 0.0745 502.5189* * 13-43 

8 V = -0.5260 + 0.0357dbh 0.86 0.0942 264.1391* * 15-39 

9 V = -0.4523 + 0.0331dbh 0.82 0.0832 376.6854* * 14-36 

10 V = -0.2204 + 0.0192dbh 0.61 0.1035 453.9350* * 12-44 

11 V = -0.4129 + 0.0330dbh 0.62 0.1660 148.5128* * 13-42 
 

**   Highly significant. 

 

 where, 

   V  =  tree merchantable volume (inside bark), in cu.m. 

   dbh  =  tree diameter at breast height (outside bark), in cm. 

   R2  =  coefficient of determination 

   SE  =  standard error of estimate 

   F  = F-value (ANOVA) 

 

       The intercept and the regression coefficient of all management unit models 

(Table 6) are significant at .01 level of significance. The high significance in the 

regression coefficient means that there is a high degree of linear relationship between 

diameter at breast height in centimeters and tree merchantable volume in cubic 

meters. The positive value of the regression coefficient means that a change in dbh 

will cause a change in tree volume in the same direction. The F-value in the test of 

significance for the regression is significant at .01 level. Example, in management 

unit 1 the independent variable explains 66 percent of the variations in the dependent 

variable, or the coefficient of determination (R2) is 0.66. 
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 Figure 5  Current annual increment in dbh by management unit 
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Table 7 Current annual increment in ring-width (radial growth) of teak by  

                management unit. 

 
Management 

unit 
Model R2 SE F 

1 R = 14.6646 e –0.1468A 0.82 0.2588 46.0282* * 

2 R = 12.5213 e –0.0808A 0.70 0.2298 28.1006* * 

3 R = 13.3968 e –0.0888A 0.68 0.2502 22.9236* * 

4 R = 14.9679 e –0.1097A 0.82 0.2108 49.3093* * 

5 R = 14.8138 e –0.0827A 0.82 0.1586 49.5073* * 

6 R = 13.3191 e –0.1289A 0.87 0.2337 85.1965* * 

7 R = 12.7106 e –0.0776A 0.85 0.1717 83.3738* * 

8 R = 12.7128 e –0.0841A 0.86 0.1836 101.4920* * 

9 R = 14.7684 e –0.0900A 0.94 0.1294 234.0582* * 

10 R = 19.1766 e –0.0889A 0.93 0.1579 244.0070* * 

11 R = 18.9450 e –0.1031A 0.96 0.1373 499.2115* * 
 

**   Highly significant. 

 

        where,  

   R = tree-ring width (radial growth), mm. 

              A  =  tree age, years 

 

       The results of the analysis of the current annual increment in tree-ring 

width (diameter or basal area) equations and curves (Figure 4 and Table 7), show that 

the optimum models for assessing growth are negative exponential. The intercepts and 

all the regression coefficients in all the equations are highly significant. The high 

significance of these regression coefficients reveals that tree-ring width is highly 

correlated with the exponential value of tree age in years. The F-value in the test of 

significance for the regression is significant at the .01 level.  

 

       Approaches to predicting stand growth and yield that use individual trees 

as the basic unit are referred to as individual tree models. The components of tree 



 49

growth, including current annual diameter (tree-ring width) increment models and the 

volume-diameter equations, were linked together through a computer program. This 

program simulated the growth and yield of each tree, and then aggregated these to 

provide estimates of stand growth and yield.  Model based on individual-tree growth 

provide detailed information about stand dynamics, including the distribution of stand 

volume by management unit.  The yield table obtained from this study is shown in 

Table 8. 

 

Table 8  Yield table for teak plantation at Thong Pha Phum Plantation  

                 (unit : m3/rai) 
Age Management 

Unit 10 15 20 25 30 35 40 45 50 55 

1 2.388 4.348 5.255 5.676 5.878 5.975 6.022 6.044     

2 5.637 10.872 14.100 16.305 17.777 18.760 19.417 19.855     

3 5.909 11.409 14.548 16.683 18.051 18.930 19.493 19.855     

4 2.399 4.901 6.468 7.350 7.860 8.154 8.325 8.423     

5 7.495 14.395 18.680 21.550 23.448 24.703 25.532 26.081     

6 8.108 13.286 16.022 17.458 18.213 18.610 18.818 18.927 18.983   

7 4.621 9.394 12.920 15.361 17.018 18.143 18.906 19.424 19.775   

8 7.752 17.105 23.434 28.253 31.179 33.142 34.434 35.299 35.867   

9 4.628 11.207 16.447 19.113 21.097 22.361 23.167 23.683 24.010   

10 0.960 2.724 4.906 6.129 6.924 7.443 7.775 7.989 8.126 8.214 

11 4.644 9.820 13.434 15.969 17.252 18.023 18.485 18.760 18.925 19.023 

 

        The yield table provides estimates of yield that may be obtained from a 

specified stand at a given time (age). This information is essential in evaluating the 

economic alternatives of forest management. Some of the uses of the information on 

yield in forest management planning are: forest harvest scheduling, optimal planning 

for developing forest stands from an irregular forest into a sustain yield forest and 

determining economic rotation. The growth and yield models developed in this study 

could be improved by incorporating site index curves that are developed based on 

stem analysis and permanent sample plot data. 
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2. Optimal Management Alternative   

 

 The planning horizon is 30 years and the planning period is divided into 6 

cutting periods of 5 years each. It is assumed that all harvesting and regeneration 

activities within a cutting period occur at the end of the calendar year at or 

immediately following the mid-point of period.  Planning requires the definition of all 

permissible management regimes, where a management regime is defined as a 

feasible pattern of successive harvests in a management unit during the planning 

period. Each management regime has its unique pattern of harvest cuts, with rotation 

ages at harvest determined by the intervals between scheduled cuts. After any 

scheduled cut, the manager obviously replants at a density designed to produce the 

surviving number of trees associated with maximum economic yield at the next 

scheduled cut.  

 

 2.1 Evaluating the Economic Impact of Management Alternatives 

 

       Evaluating any particular management regime requires the present 

discounted value of incomes and expenses occurring during the planning period, and 

the net present value (NPV) of growing stock in existence at the end of the planning 

period. The economic impact of various management alternatives for the management 

unit was measured in terms of NPV. The calculated NPV represents the present value 

of the net benefit. The NPV under the various management regimes of management 

unit 1 -11 are shown in Appendix Tables 4-14, respectively. 

  

 2.2 Linear Programming Model 

 

       The linear programming model includes the objective function and 

management constrains as follows: 

 

        2.2.1 The objective function is shown in Appendix Figure 3. Where the 

numerical coefficients represent the NPV for the corresponding management regimes 
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applied to management units. NPV is expressed per rai while the decision variable is 

expressed in rai of a management regime applied to a management unit. 

       2.2.2 The area constraints are shown in Appendix Figure 4. These 

constraints require that the total area of various management units be equal to or less 

than the area of management unit. There are a total of 11 constraints, equivalent to the 

number of management unit. 

        2.2.3 The regulation constraints are shown in Appendix Figure 5. These 

constrains require that the total area of various management regimes applied in a 

management unit be equal to or less than the area of the area of management unit, 

forcing all management unit to be scheduled for development within the time frame. 

        2.2.4 The budget constraints are shown in Appendix Figure 6. These 

constrains were set on the basis of some specified minimum budget levels. 

        2.2.5 Non-negativity constrains; all decision variables are subject to non-

negative restrictions. 

 

 2.3 Solution Report 

 

       Through a linear programming model, the optimal solution to the forest 

plantation planning problem was derived using the LINDO 6.1 software.  The report 

of the optimal solution contains much information in addition to the values for the 

decision variables. The report can be divide into five sections are shown in Appendix 

Figure 7. 

 

         2.3.1 Objective function value  

        Section 1 announces that an optimal solution has been found after 

87 steps, each step being a new corner point, and that the value of the objective 

function at the optimum solution is 659,146,700 baht. 

        2.3.2 Variable values and reduced costs 

       Section 2 gives the answer to the problem by stating the values of 

the variables at the optimal solution, for example, 210.35 for MU1MR1 and 532.10 

for MU2MR5. The reduced cost column for the variables provides information about 

variables that have a zero value in the solution. The results are summarized in Table 9. 
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Table 9  Optimal management regimes for each management unit by using linear  

               programming. 

 
Management unit Optimal management regimes Cutting area (rai) 

1 8 (CP3; 1TP4; 2TP6) 210.35 

2 5 (CP2; 1TP3; 2TP5) 532.10 

3 5 (CP2; 1TP3; 2TP5) 84.31 

4 8 (CP3; 1TP4; 2TP6) 247.77 

5 4 (CP1; 1TP2; CP4;1TP5) 967.2 

6 8 (CP3; 1TP4; 2TP6) 477.79 

5 (CP2; 1TP3; 2TP5) 337.52 7 

6 (CP2; 1TP3; 2TP5; CP6) 281.86 

8 3 (CP1; 1TP2; 2TP4; CP5) 28.56 

9 3 (CP1; 1TP2; 2TP4; CP5) 356.16 

1 (CP1; 1TP2; 2TP4) 998.78 

5 (CP2; 1TP3; 2TP5) 44.84 

10 

8 (CP3; 1TP4; 2TP6) 62.86 

2 (CP1; 1TP2; 2TP4; CP6) 766.91 

3 (CP1; 1TP2;  2TP4; CP5) 664.05 

11 

4 (CP1; 1TP2; CP4; 1TP5) 81.57 

Total  6,142.62 

Legend:  

 CPt  = Cut/harvesting, establishment and maintenance at cutting   

     period t 

 1TPt = First thinning at cutting period t 

 2TPt = Second thinning at cutting period t 

 

        2.3.3 Slack and dual prices 

      Section 3 of the report shows the slack and dual prices for the rows. 

The slack is the amount of the right-hand side for a constraint that is not used in the 

optimal solution. For example, the slack for area (row 12) is 50, indicating that this 

much of the area was not used. If a slack has a zero value, then the constrain is fully 
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utilized. A zero slack indicates that the constraint is binding or limiting and the 

solution can be changed by increasing or decreasing the right-hand side value to this 

constraint. 

  The second column of section 4 is labeled dual prices, but the more 

common term is shadow prices. Dual prices are the maximum amount that the value 

of an objective function would change if one more unit of a constraint were added or 

subtracted. Dual prices are most important as a diagnostic, indicating which 

constrains are limiting. In teak plantation management planning problems, instincts 

and common sense often fail. Then it may be very important to know whether land, 

budget, or some policy is actually restricting. If budget is not limiting, it does not 

make sense to argue for more budget to get a higher objective function value. 

        2.3.4 Ranges 

      Section 4 and 5 provide some information about the sensitivity of 

the solution to changes in objective function coefficients or constraint levels. Section 

4 shows the range of change for each coefficient within which the optimal solution 

shown in segment 2 remains unchanged. If the change of an objective coefficient is 

within the range, the optimal solution would not change.  

      Section 5 shows the right hand side (RHS) ranges.  It shows the 

range of change for each RHS constant within which the corresponding dual price 

shown in section 3 remains a constant. When a RHS changes, the optimal solution 

would change in general. However, the dual price would be constant if change is 

within the specified limits.  
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3. Management Plan 

 

     The optimal management alternatives can be used to schedule harvest 

operations during 30 years planning period subdivided into 6 cutting periods of 5 

years each. This is because the formal planning on the FIO project is done annually on 

a rolling schedule that considers a period of 5 years.  Again, it is assumed that all 

harvesting and regeneration activities within a cutting period occur at the end of 

calendar year lying on or immediately following the midpoint of the period. The 

optimum solution for each management unit and cutting period are displayed in Table 10. 

 

 The questions of sustained flow of harvested products and what, when and 

where to harvest timber are addressed in Table 10 and Appendix Figures 8-13. The 

determination of the maximum sustained yield for a teak plantation area is based on 

the structure and size of the forest that is necessary to maintain the desired sustained 

yield. At the end of the planning horizon, the forest plantation age/size class 

distribution is such that the forest can produce approximately equal annual or periodic 

harvests of goods, and growth is equal to harvest. 

 

 The teak plantations after achieving assuming sustainable management in the 

Thong Pha Phum plantation management are depicted in Figure 6 and the total 

volume, cost, income and net present value by cutting period of the management plan 

are shown in Table 11. 

 

 Growing a teak plantation is similar to most farming enterprises. It should be 

planned and well researched to ensure it is a profitable venture. A forest management 

plan is a document that describes the plantation and identifies the required 

silvicultural and management operations and the timing of these operations. It is site 

specific and developed to ensure that the teak plantation is managed throughout its 

entire rotation to maximize the production of high value products. 

 

 

 



Table 10  The management plan for management unit by cutting period 
Cutting area by cutting period (rai) Management 

unit P1 
(2005-2009) 

P2 
(2010-2014) 

P3 
(2015-2019) 

P4 
(2020-2024) 

P5 
(2025-2029) 

P6 
(2030-2034) 

Net present 
value (baht/rai)

Stand age after 
finish the plan 

1   210.35 1T  2T 7,495.80 15-20 
2  532.10 1T  2T  85,171.73 20-25 
3  84.31 1T  2T  91,280.27 20-25 
4   247.77 1T  2T 32,510.45 15-20 
5 967.2 1T  967.2 1T  117,788.82 10-15 
6   477.79 1T  2T 88,161.50 15-20 

 337.52 1T  2T  100,828.61 20-25 7 

 281.86 1T  2T 281.86 129,607.72 0-5 
8 28.56 1T  2T 28.56  300,573.67 5-10 
9 356.16 1T  2T 356.16  180,849.52 5-10 

998.78 1T  2T   35,258.87 25-30 

 44.84 1T  2T  28,992.18 20-25 
10 

  62.86 1T  2T 22,739.46 15-20 

766.91 1T  2T  766.91 172,862.17 0-5 

664.05 1T  2T 664.05  168,510.32 5-10 
11 

81.57 1T  81.57 1T  166,990.25 10-15 
Total 3863.23 1280.63 998.77 1048.77 1048.77 1048.77  

           Legend:  

  1T = First thinning 

  2T =  Second thinning 
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Table 11  The total volume, cost, revenue and net present value by cutting period of  

                  teak plantation management plan. 

 
Period Total volume Total cost Total revenue Total net present 

 (cu.m.) (baht) (baht) value (baht) 
1 53,821 98,220,869.40 457,462,957 359,242,087
     

2 22,995 27,051,979 146,786,956 119,734,977
     

3 13,472 15,251,754 67,162,154 51,910,400
     

4 23,545 13,063,697 62,859,215 49,795,518
     

5 20,404 9,813,896 51,155,408 41,341,512
     

6 18,767 7,507,097 43,751,198 36,244,102
     

Total 153,004 170,909,291 829,177,888 658,268,596
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Figure 6  Thong Pha Phum teak plantation after achieving assuming sustainable management

fgylfm



 58

CONCLUSIONS AND RECOMMENDATIONS 
 

1.  Conclusions 

 

 The study assembled a biophysical and economic database system, developed 

growth and yield simulation models and linear programming models for management 

planning, and formulated an effective management plan for the Thong Pha Phum teak 

plantation. The study methodology consisted of four stages, namely, data preparation, 

generation of management alternatives, selection of management alternatives and 

management plan formulation. The management planning consisted of various 

management alternatives for decision-making and covered 11 management units of 

Thong Pha Phum teak plantation, with 6 planning periods of 5 years each over a 30-

year planning horizon. 

 

1.1 Database systems for teak plantation management included forest 

plantation map, existing situation (economic data and biophysical resources), area 

sub-division and growth and yield models or yield table. The management 

information system developed in this study is strongly dependent on reliable data 

inputs. However, a degree of uncertainty will always be associated with any 

prediction of future biological and economic conditions and this uncertainty is present 

regardless of the approach used in the process of forest regulation modeling.  

 

        Existing situation is divided into two groups: the economic data and the 

bio-physical resources. The economic data included costs of establishment, 

harvesting, administration and supervision, and the stumpage price which obtained 

from survey and receipts from FIO data files. These costs were inflated at a rate of 

interest of 5.75 percent. The biophysical resources of each stand were gathered from 

inventory and receipts and they included year of planting, silvicultural treatment, 

stand area, expected merchantable volume and present value of stumpage price per rai. 
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       The management units were sub-divided territorially in a number of ways. 

These sub-divisions are made primarily for the purpose of organizing forest 

operations and controlling yield on the one hand, and for defining territorial 

responsibility and providing a permanent basis for locating stands and maintaining 

records. The plantation area was stratified into groups based on age classes, 

silvicultural treatments, location and site classes. 

 

        This study determined the growth and yield of the teak plantations using 

tree ring analysis, regression analysis, and simulation techniques. Based on the 

inventory data, the relationship between tree diameter at breast height (dbh) and tree 

merchantable volume was expressed as linear regression model. The current annual 

increment in tree-ring width equations and curves show that the optimum models for 

growth assessment are negative exponential models.  

 

       Approaches to predicting stand growth and yield that use individual trees 

as the basic unit are referred to individual tree models. The components of tree 

growth, including current annual diameter (tree-ring width) increment models and the 

volume-diameter equations, were linked together through a computer program. This 

program simulated the growth and yield of each tree, and then aggregated these to 

provide estimates of stand growth and yield (yield table). The yield table provides 

estimates of yield that may be obtained from a specified stand at a given time (age). 

This information is essential in evaluating the economic alternatives of forest 

management. Some of the uses of the information on yield in forest management 

planning are: forest harvest scheduling, optimal planning for developing forest stands 

from an irregular forest into a sustain yield forest, and determining rotation.  

 

 1.2 The management alternatives were formulated as a linear programming 

model. The activities considered in this formulation are the area of each management unit 

to be managed under each management regime. The linear programming and 

simulation models are helpful in illustrating the economic interrelationships among 

rotation length, adopted period for conversion to sustained yield, and net present value 

of the forest.  The LP model permits specification of the cutting program in an 
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irregular trend that will maximize the net present value of expected yields while 

converting the existing forest or plantation to regulated forest in a finite period. The 

optimal LP solution was found and the value of the objective function at the optimum 

solution was 659,146,700 baht. 

 

 1.3 The forest management plan is a document that describes the plantation 

and identifies the required silvicultural and management operations and the timing of 

these operations. It is site specific and developed to ensure that the teak plantation is 

managed throughout its entire rotation to maximize the production of high value 

products. The questions of sustained flow of harvested products and what, when and 

where to harvest timber are addressed in this research the Thong Pha Phum teak 

plantation. The determination of the maximum sustained yield for a teak plantation 

area is based on the structure and size of the forest that is necessary to maintain the 

desired sustained yield. At the end of the planning horizon, the forest plantation 

age/size class distribution is such that the forest could produce approximately equal 

annual or periodic harvests of goods, and growth would be equal to harvest. 

 

2. Recommendations 

 

 2.1 Sustainable management of teak plantations in Thailand requires a 

functional GIS and inventory system for plantation management, the use of current 

growth and yield equations, and effective management planning models.   It also 

requires investing in silvicultural and other techniques that can accelerate plantation 

growth rates and timber value at reasonable costs.   

 

 2.2 The forest management planning involves complex scheduling alternatives 

that are variously affected by restrictions imposed by management. Through use of 

appropriate mathematical models to quantify these alternatives, optimization 

procedures, as demonstrated in this study, can be employed to select a feasible 

management regime that maximizes the net present value of the teak plantation. By 

quantitatively expressing the scheduling problem in terms of pertinent information, 
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imposed restrictions, and economic objective, an improved evaluation of the 

scheduling alternatives is achieved.  

 

 2.3 Linear programming (LP) is one of the most widely used methods for 

solving long-term forest management problems. One reason for this is the 

computational efficiency of LP. Another is the versatility by which a constraint matrix 

can be formed out of treatment schedules generated by practically any stand 

projection model. However, LP forces us to design models of very specific forms. For 

example, LP requires that the constraints and objective function be linear in the 

variables. Thus, several studies have suggested alternative optimization techniques to 

LP. Among these are the combined LP and simulation techniques. Simulation allows 

much more flexibility in modeling and has become one of the most powerful and 

versatile tools for problem solving in forest management.  

 

 2.4 While the application of the LP model here is hypothetical, there is great 

potential in the LP modeling approach for forest management.  For the proper 

application of the regulation model in industrial forests in Thailand, proper forest 

management policies and procedures should be adopted. 

 

 2.5 Successful implementation of the forest planning system will normally 

require repeated solutions at short time intervals because the basic input parameters 

are subject to frequent change. Since each forest ownership has its own particular 

objectives and problems, the system presented here will not be suitable for all actual 

teak plantations. However, the system is sufficiently well developed to illustrate the 

potential of mathematical programming techniques for solving the regulation 

problem, and the techniques can be adapted without great difficulty for realistic 

application. 

 

 2.6 An important aspect of the LP model is its recognition of planning as a 

perpetual process that must continually respond to updated economic and biophysical 

information. With suitable inventory methods and computerization of forest record 

system, rescheduling can be inexpensive and almost completely automated. This is 
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achieved by maintaining a continuously updated computer file of current biophysical 

and economic data for each management unit. When rescheduling is desired, these 

data, together with policy directives from management concerning the nature of 

constrains, are simply transferred to input file. Models of this kind should be run in 

the computer every 5 years to minimize errors in projection. 

 
 2.7 Finding the optimal solution to a linear programming model is important, 

but it is not the only information available. There is a tremendous amount of 

sensitivity information, or information about what happens when data values are 

changed. Sensitivity of the linear programming model to variations in the input data 

can be ascertained by systematically varying the factors that enter into the formulation 

of the optimization model. Information concerning the effects of these changes may 

be crucially important to the forest manager and can be used to develop solutions that 

exhibit stability in the presence of changes in certain poorly defined data inputs. A 

sensitivity analysis of the LP model is, therefore, important. 

 

 2.8 The management plan from this research is only a guideline for managing 

the forest.It should be transformed to an operational plan so that decision maker or 

manager could implement the operational plan conveniently. Some techniques namely 

PERT/CPM, network analysis could be used for the implementation of management 

plan. 

 

 2.9 The objectives of this research emphasized the management of teak 

plantations for achieving economic viability only. However, the FIO management 

objectives are to manage plantations containing a mixture of original (native) species 

and/or economic species while achieving financial independence (economic viability), 

environmental and social sustainability. Future research and development should take 

into consideration in these objectives. 

 

 2.10 The FIO is concerned about the lack of  the management information 

system and the effective management plan for teak plantation. To make better 

business decision, FIO should continually improve its decision-making tools. To 
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improve cash flow and to maintain public confidence, FIO should explore plantation 

management strategies or treatments that will accelerate fiber growth rates, increase 

timber value and provide early returns on the investment, while ensuring 

sustainability. This research is to contribute the FIO in achieving these goals, by 

improving its decision-making capacity. Thus this will enhance confidence to owners 

of private plantation according to FIO’s direction. However, this research is a pilot, 

future research and development is necessary. 
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Apendix Table 1  Establishment cost data (first years) for teak plantations under the  
                             supervision of the Forest Industry Organization 
 

Cost Items Baht/Rai 

Survey 10 

Site preparation 1,700 

Staking 110 

Planting  112 

Replanting 20 

First weeding  170 

First fertilization (inclusive fertilizer cost) 85 

Second weeding 150 

Second fertilization (inclusive fertilizer cost) 85 

Third weeding 150 

Fire protection 20 

Servival count 10 

Seedlings 1,400 (12 baht/stump) 

Road contruction (5-7 kilometer) 240 

Total 4,262 

 
Note: Plant spacing 4x4 meter 
 
Source: Chanwowwam (2002). 
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Apendix Table 2  Establishment and maintenance cost data for teak plantations under  
                             the supervision of the Forest Industry Organization. 
 

Years Baht/Rai 
1 4,262 
2 640 
3 630 
4 630 
5 480 
6 480 
7 320 
8 320 
9 320 
10 320 
11 470 
12 320 
13 320 
14 320 
15 320 
16 320 
17 320 
18 320 
19 320 
20 320 
21 320 
22 320 
23 320 
24 320 
25 320 
26 320 
27 320 
28 320 
29 320 
30 320 

Total 14,952 
 
Source: Forest Industry Organization, 2003 
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Appendix Table 3  The Stumpage in each log grading of Thong Pha Phum teak  

                               plantation. 

 
Girth class Log length (m.) 

(cm.) < 2   2  -  <4   4  -  <6 >6 

30-34 2,184 2,408 2,664 2,968 

35-39 2,408 2,688 2,942 3,304 

40-44 2,800 3,080 3,386 3,752 

45-49 3,080 3,416 3,719 4,144 

50-54 4,100 4,800 5,400 5,900 

55-59 4,600 5,600 6,200 6,900 

60-64 5,100 6,500 7,000 7,700 

65-69 5,800 7,500 8,000 8,800 

70-74 6,700 8,500 9,200 10,000 

75-79 7,700 9,400 10,400 11,200 

80-84 8,600 10,500 11,500 12,500 

85-89 9,700 11,700 12,900 13,800 

90-94 10,800 12,900 14,300 15,400 

95-99 12,100 14,300 15,600 16,900 

100-109 13,500 15,600 17,100 18,700 

110-119 14,800 17,200 18,700 20,300 

120-129 16,300 18,900 20,300 21,800 

130-139 17,700 20,400 21,900 23,500 

>140 19,100 22,000 23,500 25,100 

 



Appendix Table 4  Net present value under various management regimes of management unit 1. 
 

Net present value (baht/rai) Total net 
present  Manageme

nt regime Item  
P1 P2 P3 P4 P5 P6 

value 
(baht/rai) 

1 cost 16,609 101  - 418  -  - 7,693
 revenue 20,132 754  - 3,936  -  -

2 cost 16,609 101  - 418  - 5,067 9,903
 revenue 20,132 754  - 3,936  - 7,277

3 cost 16,609 101  - 418 6,106  - 8,997
 revenue 20,132 754  - 3,936 7,410  -

4 cost 16,609 101  - 7,180 44  - 5,981
 revenue 20,132 754  - 8,703 326  -

5 cost - 14,125 76  - 316  - 6,168
 revenue - 17,140 570  - 2,976  -

6 cost - 14,125 76  - 316 4,617 7,154
 revenue  - 17,140 570  - 2,976 5,603

7 cost - 14,125 76  - 5,429 33 4,874
 revenue - 17,140 570  - 6,581 246

8 cost - - 11,721 58  - 239 7,496
 revenue - - 16,832 431  - 2,250

9 cost - - 11,721 58  - 4,105 6,355
 revenue  - - 16,832 431  - 4,976

10 cost - -  - 9,600 44  - 3,717
 revenue - -  - 13,035 326  -

11 cost - -  -  - 7,799 33 2,382
 revenue - -  -  - 9,967 246

12 cost - -  -  -  - 6,298 1,278
 revenue - -  -  -  - 7,577

13 cost 16,609 101  -  - 6,106  - 5,479
 revenue 20,132 754  -  - 7,410  -

14 cost - 14,125 76  -  - 4,617 4,494
 revenue - 17,140 570  -  - 5,603

 



Appendix Table 5  Net present value under various management regimes of management unit 2. 
 

Net present value (baht/rai) Total net presentManageme
nt regime Item 

P1 P2 P3 P4 P5 P6 
value 

(baht/rai) 
1 cost 22,411 279  - 463  -  - 53,063
 revenue 69,619 2,126  - 4,471  -  -

2 cost 22,411 279  - 463  - 7,218 82,975
 revenue 69,619 2,126  - 4,471  - 37,130

3 cost 22,411 279  - 463 8,582  - 88,543
 revenue 69,619 2,126  - 4,471 44,063  -

4 cost 22,411 279  - 9,795 121  - 70,934
 revenue 69,619 2,126  - 30,876 919  -

5 cost  - 19,725 211  - 350  - 85,172
 revenue  - 100,470 1,608  - 3,381  -

6 cost  - 19,725 211  - 350 6,489 111,999
 revenue   - 100,470 1,608  - 3,381 33,317

7 cost  - 19,725 211  - 7,407 91 98,685
 revenue  - 100,470 1,608  - 23,346 695

8 cost  -  - 16,633 160  - 265 71,868
 revenue  -  - 85,153 1,216  - 2,556

9 cost  -  - 16,633 160  - 5,600 81,629
 revenue   -  - 85,153 1,216  - 17,653

10 cost  -  -  - 13,674 121  - 56,152
 revenue  -  -  - 69,027 919  -

11 cost  -  -  -  - 11,067 91 44,073
 revenue  -  -  -  - 54,536 695

12 cost  -  -  -  -  - 8,867 39,008
 revenue  -  -  -  -  - 47,875

13 cost 22,411 279  -  - 8,582  - 84,535
 revenue 69,619 2,126  -  - 44,063  -

14 cost  - 19,725 211  -  - 6,489 108,969
 revenue  - 100,470 1,608  -  - 33,317

 
 



Appendix Table 6  Net present value under various management regimes of management unit 3. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 23,827 279  - 463  -  - 59,471
 revenue 77,443 2,126  - 4,471  -  -

2 cost 23,827 279  - 463  - 7,278 90,005
 revenue 77,443 2,126  - 4,471  - 37,813

3 cost 23,827 279  - 463 8,684  - 96,009
 revenue 77,443 2,126  - 4,471 45,222  -

4 cost 23,827 279  - 9,955 121  - 78,275
 revenue 77,443 2,126  - 31,969 919  -

5 cost  - 20,575 211  - 350  - 91,280
 revenue  - 107,429 1,608  - 3,381  -

6 cost  - 20,575 211  - 350 6,566 118,908
 revenue   - 107,429 1,608  - 3,381 34,194

7 cost  - 20,575 211  - 7,527 91 105,499
 revenue  - 107,429 1,608  - 24,173 695

8 cost  -  - 17,137 160  - 265 75,041
 revenue  -  - 88,831 1,216  - 2,556

9 cost  -  - 17,137 160  - 5,692 85,336
 revenue   -  - 88,831 1,216  - 18,278

10 cost  -  -  - 13,972 121  - 57,686
 revenue  -  -  - 70,859 919  -

11 cost  -  -  -  - 11,244 91 44,727
 revenue  -  -  -  - 55,367 695

12 cost  -  -  -  -  - 8,974 33,762
 revenue  -  -  -  -  - 42,736

13 cost 23,827 279  -  - 8,684  - 92,002
 revenue 77,443 2,126  -  - 45,222  -

14 cost  - 20,575 211  -  - 6,566 115,878
 revenue  - 107,429 1,608  -  - 34,194

 



Appendix Table 7  Net present value under various management regimes of management unit 4. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 17,894 101  - 418  -  - 16,630
 revenue 30,354 754  - 3,936  -  -

2 cost 17,894 101  - 418  - 5,418 29,509
 revenue 30,354 754  - 3,936  - 18,297

3 cost 17,894 101  - 418 6,478  - 21,432
 revenue 30,354 754  - 3,936 11,280  -

4 cost 17,894 101  - 7,494 44  - 18,354
 revenue 30,354 754  - 12,453 326  -

5 cost  - 15,329 76  - 316  - 14,576
 revenue  - 26,752 570  - 2,976  -

6 cost  - 15,329 76  - 316 4,898 18,207
 revenue   - 26,752 570  - 2,976 8,529

7 cost  - 15,329 76  - 5,666 33 15,879
 revenue  - 26,752 570  - 9,416 246

8 cost  -  - 12,761 58  - 239 32,510
 revenue  -  - 42,887 431  - 2,250

9 cost  -  - 12,761 58  - 4,285 33,335
 revenue   -  - 42,887 431  - 7,120

10 cost  -  -  - 10,452 44  - 23,667
 revenue  -  -  - 33,837 326  -

11 cost  -  -  -  - 8,475 33 17,943
 revenue  -  -  -  - 26,205 246

12 cost  -  -  -  -  - 6,825 13,257
 revenue  -  -  -  -  - 20,082

13 cost 17,894 101  -  - 6,478  - 17,914
 revenue 30,354 754  -  - 11,280  -

14 cost  - 15,329 76  -  - 4,898 15,547
 revenue  - 26,752 570  -  - 8,529

 



Appendix Table 8  Net present value under various management regimes of management unit 5. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 24,859 279  - 506  -  - 85,462
 revenue 103,875 2,126  - 5,104  -  -

2 cost 24,859 279  - 506  - 8,257 120,559
 revenue 103,875 2,126  - 5,104  - 43,354

3 cost 24,859 279  - 506 9,826  - 118,640
 revenue 103,875 2,126  - 5,104 43,004  -

4 cost 24,859 279  - 11,168 121  - 117,789
 revenue 103,875 2,126  - 47,295 919  -

5 cost  - 22,155 211  - 382  - 79,395
 revenue  - 96,677 1,608  - 3,860  -

6 cost  - 22,155 211  - 382 7,430 104,483
 revenue   - 96,677 1,608  - 3,860 32,517

7 cost  - 22,155 211  - 8,445 91 103,839
 revenue  - 96,677 1,608  - 35,762 695

8 cost  -  - 18,751 160  - 289 83,534
 revenue  -  - 98,600 1,216  - 2,918

9 cost  -  - 18,751 160  - 6,385 101,560
 revenue   -  - 98,600 1,216  - 27,040

10 cost  -  -  - 15,412 121  - 65,430
 revenue  -  -  - 80,043 919  -

11 cost  -  -  -  - 12,447 91 51,421
 revenue  -  -  -  - 63,265 695

12 cost  -  -  -  -  - 9,943 39,264
 revenue  -  -  -  -  - 49,207

13 cost 24,859 279  -  - 9,826  - 114,042
 revenue 103,875 2,126  -  - 43,004  -

14 cost  - 22,155 211  -  - 7,430 101,005
 revenue  - 96,677 1,608  -  - 32,517

 



Appendix Table 9  Net present value under various management regimes of management unit 6. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 25,753 652  - 506  -  - 64,356
 revenue 81,382 4,780  - 5,104  -  -

2 cost 25,753 652  - 506  - 7,355 99,805
 revenue 81,382 4,780  - 5,104  - 42,804

3 cost 25,753 652  - 506 8,947  - 83,442
 revenue 81,382 4,780  - 5,104 28,034  -

4 cost 25,753 652  - 10,495 282  - 83,826
 revenue 81,382 4,780  - 32,780 2,066  -

5 cost  - 21,512 493  - 382  - 52,137
 revenue  - 67,051 3,614  - 3,860  -

6 cost  - 21,512 493  - 382 6,765 66,569
 revenue   - 67,051 3,614  - 3,860 21,197

7 cost  - 21,512 493  - 7,936 213 66,859
 revenue  - 67,051 3,614  - 24,786 1,562

8 cost  -  - 17,510 373  - 289 88,162
 revenue  -  - 100,683 2,733  - 2,918

9 cost  -  - 17,510 373  - 6,000 98,273
 revenue   -  - 100,683 2,733  - 18,741

10 cost  -  -  - 14,063 282  - 65,510
 revenue  -  -  - 77,789 2,066  -

11 cost  -  -  -  - 11,208 213 49,617
 revenue  -  -  -  - 59,476 1,562

12 cost  -  -  -  -  - 8,891 36,341
 revenue  -  -  -  -  - 45,232

13 cost 25,753 652  -  - 8,947  - 78,843
 revenue 81,382 4,780  -  - 28,034  -

14 cost  - 21,512 493  -  - 6,765 63,092
 revenue  - 67,051 3,614  -  - 21,197

 



Appendix Table 10  Net present value under various management regimes of management unit 7. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 23,569 426  - 463  -  - 85,392
 revenue 101,768 3,612  - 4,471  -  -

2 cost 23,569 426  - 463  - 7,061 118,207
 revenue 101,768 3,612  - 4,471  - 39,876

3 cost 23,569 426  - 463 8,323  - 123,453
 revenue 101,768 3,612  - 4,471 46,384  -

4 cost 23,569 426  - 10,687 184  - 110,542
 revenue 101,768 3,612  - 38,467 1,562  -

5 cost  - 20,422 322  - 350  - 100,829
 revenue  - 115,812 2,731  - 3,381  -

6 cost  - 20,422 322  - 350 6,293 129,608
 revenue   - 115,812 2,731  - 3,381 35,072

7 cost  - 20,422 322  - 8,081 139 119,845
 revenue  - 115,812 2,731  - 29,086 1,181

8 cost  -  - 17,038 244  - 265 83,690
 revenue  -  - 96,615 2,065  - 2,556

9 cost  -  - 17,038 244  - 6,110 97,282
 revenue   -  - 96,615 2,065  - 21,993

10 cost  -  -  - 13,934 184  - 65,141
 revenue  -  -  - 77,698 1,562  -

11 cost  -  -  -  - 11,243 139 50,928
 revenue  -  -  -  - 61,130 1,181

12 cost  -  -  -  -  - 8,992 38,452
 revenue  -  -  -  -  - 47,444

13 cost 23,569 426  -  - 8,323  - 119,445
 revenue 101,768 3,612  -  - 46,384  -

14 cost  - 20,422 322  -  - 6,293 126,577
 revenue  - 115,812 2,731  -  - 35,072

 



Appendix Table 11  Net present value under various management regimes of management unit 8. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 34,584 652  - 506  -  - 228,676
 revenue 254,534 4,780  - 5,104  -  -

2 cost 34,584 652  - 506  - 9,639 283,863
 revenue 254,534 4,780  - 5,104  - 64,826

3 cost 34,584 652  - 506 11,305  - 300,574
 revenue 254,534 4,780  - 5,104 83,203  -

4 cost 34,584 652  - 12,468 282  - 257,956
 revenue 254,534 4,780  - 44,563 2,066  -

5 cost  - 29,488 493  - 382  - 175,426
 revenue  - 198,316 3,614  - 3,860  -

6 cost  - 29,488 493  - 382 8,548 229,790
 revenue   - 198,316 3,614  - 3,860 62,912

7 cost  - 29,488 493  - 9,428 213 196,003
 revenue  - 198,316 3,614  - 33,695  -

8 cost  -  - 24,237 373  - 289 142,438
 revenue  -  - 161,686 2,733  - 2,918

9 cost  -  - 24,237 373  - 7,129 158,158
 revenue   -  - 161,686 2,733  - 25,478

10 cost  -  -  - 19,534 282  - 110,401
 revenue  -  -  - 128,150 2,066  -

11 cost  -  -  -  - 15,552 213 85,656
 revenue  -  -  -  - 99,859 1,562

12 cost  -  -  -  -  - 12,284 64,706
 revenue  -  -  -  -  - 76,990

13 cost 34,584 652  -  - 11,305  - 295,975
 revenue 254,534 4,780  -  - 83,203  -

14 cost  - 29,488 493  -  - 8,548 226,313
 revenue  - 198,316 3,614  -  - 62,912

 



Appendix Table 12  Net present value under various management regimes of management unit 9. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 28,260 704 - 506 - - 138,528
 revenue 157,730 5,163 - 5,104 - -

2 cost 28,260 704 - 506 - 7,806 180,223
 revenue 157,730 5,163 - 5,104 - 49,501

3 cost 28,260 704 - 506 9,238 - 180,850
 revenue 157,730 5,163 - 5,104 51,559 -

4 cost 28,260 704 - 10,305 304 - 160,145
 revenue 157,730 5,163 - 34,593 2,232 -

5 cost - 23,881 532 - 382 - 134,402
 revenue - 151,434 3,904 - 3,860 -

6 cost - 23,881 532 - 382 6,985 166,403
 revenue  - 151,434 3,904 - 3,860 38,986

7 cost - 23,881 532 - 7,792 230 150,748
 revenue - 151,434 3,904 - 26,157 1,688

8 cost - - 19,650 402 - 289 108,786
 revenue - - 123,257 2,952 - 2,918

9 cost - - 19,650 402 - 5,891 120,043
 revenue  - - 123,257 2,952 - 19,778

10 cost - - - 15,877 304 - 83,472
 revenue - - - 97,421 2,232 -

11 cost - - - - 12,686 230 64,473
 revenue - - - - 75,701 1,688

12 cost - - - - - 10,064 48,157
 revenue - - - - - 58,220

13 cost 28,260 704 - - 9,238 - 176,251
 revenue 157,730 5,163 - - 51,559 -

14 cost - 23,881 532 - - 6,985 162,926
 revenue - 151,434 3,904 - - 38,986

 



Appendix Table 13  Net present value under various management regimes of management unit 10. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 21,059 164 - 418 - - 35,259
 revenue 51,519 1,445 - 3,936 - -

2 cost 21,059 164 - 418 - 5,220 42,927
 revenue 51,519 1,445 - 3,936 - 12,888

3 cost 21,059 164 - 418 6,139 - 47,306
 revenue 51,519 1,445 - 3,936 18,186 -

4 cost 21,059 164 - 6,897 71 - 36,641
 revenue 51,519 1,445 - 11,243 625 -

5 cost - 17,512 124 - 316 - 28,992
 revenue - 42,876 1,093 - 2,976 -

6 cost - 17,512 124 - 316 4,642 38,101
 revenue  - 42,876 1,093 - 2,976 13,751

7 cost - 17,512 124 - 5,215 54 30,037
 revenue - 42,876 1,093 - 8,501 472

8 cost - - 14,342 94 - 239 22,739
 revenue - - 34,338 826 - 2,250

9 cost - - 14,342 94 - 3,943 23,213
 revenue  - - 34,338 826 - 6,428

10 cost - - - 11,626 71 - 15,823
 revenue - - - 26,896 625 -

11 cost - - - - 9,358 54 11,851
 revenue - - - - 20,791 472

12 cost - - - - - 7,493 8,446
 revenue - - - - - 15,939

13 cost 21,059 164 - - 6,139 - 43,788
 revenue 51,519 1,445 - - 18,186 -

14 cost - 17,512 124 - - 4,642 35,441
 revenue - 42,876 1,093 - - 13,751

 



Appendix Table 14  Net present value under various management regimes of management unit 11. 
 

Net present value (baht/rai) 
Manageme
nt regime Item 

P1 P2 P3 P4 P5 P6 

Total net 
present 
value 

(baht/rai) 
1 cost 27,829 452 - 463 - - 139,184
 revenue 160,058 3,398 - 4,471 - -

2 cost 27,829 452 - 463 - 7,133 172,862
 revenue 160,058 3,398 - 4,471 - 40,812

3 cost 27,829 452 - 463 8,465 - 168,510
 revenue 160,058 3,398 - 4,471 37,792 -

4 cost 27,829 452 - 9,524 195 - 166,990
 revenue 160,058 3,398 - 40,065 1,469 -

5 cost - 22,934 342 - 350 - 112,151
 revenue - 129,826 2,570 - 3,381 -

6 cost - 22,934 342 - 350 6,401 134,326
 revenue  - 129,826 2,570 - 3,381 28,576

7 cost - 22,934 342 - 7,201 148 133,177
 revenue - 129,826 2,570 - 30,294 1,111

8 cost - - 18,566 259 - 265 87,581
 revenue - - 18,566 259 - 5,445

9 cost - - 18,566 259 - 5,445 102,750
 revenue  - - 102,170 1,943 - 22,907

10 cost - - - 14,870 195 - 65,466
 revenue - - - 79,062 1,469 -

11 cost - - - - 11,830 148 49,731
 revenue - - - - 60,597 1,111

12 cost - - - - - 9,369 36,821
 revenue - - - - - 46,190

13 cost 27,829 452 - - 8,465 - 164,502
 revenue 160,058 3,398 - - 37,792 -

14 cost - 22,934 342 - - 6,401 131,296
 revenue - 129,826 2,570 - - 28,576

 



  

DATA SHEET 
Date Stratum Year/Zone Forest Type Line Plot SI Density  
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Appendix Figure 1  Tally Sheet for the data collection. 
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Appendix Figure 2  Thong Pha Phum teak plantation map
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! OBJECTIVE FUNCTION   
MAX 7693.48 MU1MR1 + 9903.18 MU1MR2 + 8996.92 MU1MR3 + 5980.97 MU1MR4 + 

 53062.94 MU2MR1 + 82974.71 MU2MR2 + 88543.14 MU2MR3 + 70933.89 MU2MR4 + 
 59470.72 MU3MR1 + 90005.45 MU3MR2 + 96009.44 MU3MR3 + 78275.26 MU3MR4 + 
 16630.11 MU4MR1 + 29508.50 MU4MR2 + 21431.67 MU4MR3 + 18353.80 MU4MR4 + 
 85462.18 MU5MR1 + 120559.12 MU5MR2 + 118640.41 MU5MR3 + 117788.82 MU5MR4 + 
 64355.66 MU6MR1 + 99805.27 MU6MR2 + 83442.06 MU6MR3 +  83825.87 MU6MR4 + 
 85392.23 MU7MR1 + 118206.98 MU7MR2 + 123453.15 MU7MR3 + 110541.57 MU7MR4 + 
 228675.91 MU8MR1 + 283862.85 MU8MR2 + 330573.67 MU8MR3 + 257955.84 MU8MR4 + 
 138528.04 MU9MR1 + 180222.99 MU9MR2 + 180849.52 MU9MR3 + 160144.90 MU9MR4 + 
 35258.87 MU10MR1 + 42926.79 MU10MR2 + 47305.75 MU10MR3 + 36641.12 MU10MR4 + 
 139183.69 MU11MR1 + 172862.17 MU11MR2 + 168510.32 MU11MR3 + 166990.25 MU11MR4 + 
 6168.47 MU1MR5 + 7154.03 MU1MR6 + 4873.56 MU1MR7 + 7495.80 MU1MR8 + 
 85171.73 MU2MR5 + 111999 MU2MR6 + 98684.54 MU2MR7 + 71867.9 MU2MR8 + 
 91280.27 MU3MR5 + 118908.39 MU3MR6 + 105499.00 MU3MR7 + 75041.20 MU3MR8 + 
 14575.90 MU4MR5 + 18206.52 MU4MR6 + 15879.25 MU4MR7 + 32510.45 MU4MR8 + 
 79395.48 MU5MR5 + 104482.63 MU5MR6 + 103838.71 MU5MR7 + 83534.48 MU5MR8 + 
 52137.29 MU6MR5 + 66569.14 MU6MR6 + 66859.36 MU6MR7 + 88161.50 MU6MR8 + 
 100828.61 MU7MR5 + 129607.72 MU7MR6 + 119844.86 MU7MR7 + 83690.28 MU7MR8 + 
 175426.12 MU8MR5 + 229790.38 MU8MR6 + 196003.17 MU8MR7 + 142437.88 MU8MR8 + 
 134402.36 MU9MR5 + 166403.02 MU9MR6 + 150747.58 MU9MR7 + 108786.28 MU9MR8 + 
 28992.18 MU10MR5 + 38101.22 MU10MR6 + 30037.35 MU10MR7 + 22739.46 MU10MR8 + 
 112151.17 MU11MR5 + 134326 MU11MR6 + 133176.63 MU11MR7 + 87580.51 MU11MR8 + 
 6355.34 MU1MR9 + 3716.55 MU1MR10 + 2381.71 MU1MR11 + 1278.21 MU1MR12 + 
 81628.83 MU2MR9 + 56151.56 MU2MR10 + 44072.93 MU2MR11 + 39008.28 MU2MR12 + 
 85335.90 MU3MR9 + 57685.54 MU3MR10 + 44727.03 MU3MR11 + 33762.03 MU3MR12 + 
 33334.61 MU4MR9 + 23667.18 MU4MR10 + 17943.05 MU4MR11 + 13257.04 MU4MR12 + 
 101560.27 MU5MR9 + 65429.57 MU5MR10 + 51421.32 MU5MR11 + 39263.98 MU5MR12 + 
 98273.14 MU6MR9 + 65510.28 MU6MR10 + 49616.92 MU6MR11 + 36341.23 MU6MR12 + 
 97281.65 MU7MR9 + 65140.91 MU7MR10 + 50927.52 MU7MR11 + 38451.97 MU7MR12 + 
 158158.10 MU8MR9 + 110401.10 MU8MR10 + 85655.95 MU8MR11 + 64705.96 MU8MR12 + 
 120043.23 MU9MR9 + 83471.84 MU9MR10 + 64472.82 MU9MR11 + 48156.56 MU9MR12 + 
 23213.06 MU10MR9 + 15823.07 MU10MR10 + 11851.48 MU10MR11 + 8446.49 MU10MR12 + 
 102750.32 MU11MR9 + 65466.24 MU11MR10 + 49730.77 MU11MR11 + 36821.27 MU11MR12 + 
 5479.16 MU1MR13 + 119445.26 MU7MR13 + 78843.15 MU6MR13 + 101005.25 MU5MR14 + 
 84535.25 MU2MR13 + 295974.76 MU8MR13 + 4494.15 MU1MR14 + 63091.76 MU6MR14 + 
 92001.55 MU3MR13 + 176250.61 MU9MR13 + 108968.98 MU2MR14 + 126577.22 MU7MR14 + 
 17914.09 MU4MR13 + 43788.17 MU10MR13 + 115877.90 MU3MR14 + 226312.99 MU8MR14 + 
 114041.50 MU5MR13 + 164502.44 MU11MR13 + 15546.77 MU4MR14 + 162925.64 MU9MR14 + 
 35441.47 MU10MR14 + 131295.51 MU11MR14   

 
Appendix Figure 3  The objective function of linear programming model 



 
SUBJECT TO        
! AREA CONSTRAINTS       
1) MU1MR1 + MU1MR2 + MU1MR3 + MU1MR4 + MU1MR5 + MU1MR6 + MU1MR7 +  
 MU1MR8 + MU1MR9 + MU1MR10 + MU1MR11 + MU1MR12 + MU1MR13 + MU1MR14  <=  210.35 
2) MU2MR1 + MU2MR2 + MU2MR3 + MU2MR4 + MU2MR5 + MU2MR6 + MU2MR7 +  
 MU2MR8 + MU2MR9 + MU2MR10 + MU2MR11 + MU2MR12 + MU2MR13 + MU2MR14 <=  532.10 
3) MU3MR1 + MU3MR2 + MU3MR3 + MU3MR4 + MU3MR5 + MU3MR6 + MU3MR7 +  
 MU3MR8 + MU3MR9 + MU3MR10 + MU3MR11 + MU3MR12 + MU3MR13 + MU3MR14 <=  84.31 
4) MU4MR1 + MU4MR2 + MU4MR3 + MU4MR4 + MU4MR5 + MU4MR6 + MU4MR7 +  
 MU4MR8 + MU4MR9 + MU4MR10 + MU4MR11 + MU4MR12 + MU4MR13 + MU4MR14 <=  247.77 
5) MU5MR1 + MU5MR2 + MU5MR3 + MU5MR4 + MU5MR5 + MU5MR6 + MU5MR7 +  
 MU5MR8 + MU5MR9 + MU5MR10 + MU5MR11 + MU5MR12 + MU5MR13 + MU5MR14 <=  967.20 
6) MU6MR1 + MU6MR2 + MU6MR3 + MU6MR4 + MU6MR5 + MU6MR6 + MU6MR7 +  
 MU6MR8 + MU6MR9 + MU6MR10 + MU6MR11 + MU6MR12 + MU6MR13 + MU6MR14 <=  477.79 
7) MU7MR1 + MU7MR2 + MU7MR3 + MU7MR4 + MU7MR5 + MU7MR6 + MU7MR7 +  
 MU7MR8+  MU7MR9 + MU7MR10 + MU7MR11 + MU7MR12 + MU7MR13 + MU7MR14 <=  619.38 
8) MU8MR1 + MU8MR2 + MU8MR3 + MU8MR4 + MU8MR5 + MU8MR6 + MU8MR7 +  
 MU8MR8 + MU8MR9 + MU8MR10 + MU8MR11 + MU8MR12 + MU8MR13 + MU8MR14 <=  28.56 
9) MU9MR1 + MU9MR2 + MU9MR3 + MU9MR4 + MU9MR5 + MU9MR6 + MU9MR7 +  
 MU9MR8 + MU9MR9 + MU9MR10 + MU9MR11 + MU9MR12 + MU9MR13 + MU9MR14 <=  356.16 
10) MU10MR1 + MU10MR2 + MU10MR3 + MU10MR4 + MU10MR5 + MU10MR6 + MU10MR7 +  
 MU10MR8 + MU10MR9 + MU10MR10 + MU10MR11 + MU10MR12 + MU10MR13 + MU10MR14 <=  1106.48 
11) MU11MR1 + MU11MR2 + MU11MR3 + MU11MR4 + MU11MR5 + MU11MR6 + MU11MR7 +  

 MU11MR8 + MU11MR9 + MU11MR10 + MU11MR11 + MU11MR12 + MU11MR13 + MU11MR14 <=  1512.53 
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! REGULATION CONSTRAINTS 
12) MU1MR2 + MU1MR6 + MU1MR9 + MU1MR12 + MU1MR14 +  
 MU2MR2 + MU2MR6 + MU2MR9 + MU2MR12 + MU2MR14 +  
 MU3MR2 + MU3MR6 + MU3MR9 + MU3MR12 + MU3MR14 +  
 MU4MR2 + MU4MR6 + MU4MR9 + MU4MR12 + MU4MR14 +  
 MU5MR2 + MU5MR6 + MU5MR9 + MU5MR12 + MU5MR14 +  
 MU6MR2 + MU6MR6 + MU6MR9 + MU6MR12 + MU6MR14 +  
 MU7MR2 + MU7MR6 + MU7MR9 + MU7MR12 + MU7MR14 +  
 MU8MR2 + MU8MR6 + MU8MR9 + MU8MR12 + MU8MR14 +  
 MU9MR2 + MU9MR6 + MU9MR9 + MU9MR12 + MU9MR14 +  

 MU10MR2 + MU10MR6 + MU10MR9 + MU10MR12 + MU10MR14 + 
 MU11MR2 + MU11MR6 + MU11MR9 + MU11MR12 + MU11MR14 >=  998.77 
       

13)  MU1MR2 + MU1MR6 + MU1MR9 + MU1MR12 + MU1MR14 +  
 MU2MR2 + MU2MR6 + MU2MR9 + MU2MR12 + MU2MR14 +  
 MU3MR2 + MU3MR6 + MU3MR9 + MU3MR12 + MU3MR14 +  
 MU4MR2 + MU4MR6 + MU4MR9 + MU4MR12 + MU4MR14 +  
 MU5MR2 + MU5MR6 + MU5MR9 + MU5MR12 + MU5MR14 +  
 MU6MR2 + MU6MR6 + MU6MR9 + MU6MR12 + MU6MR14 +  
 MU7MR2 + MU7MR6 + MU7MR9 + MU7MR12 + MU7MR14 +  
 MU8MR2 + MU8MR6 + MU8MR9 + MU8MR12 + MU8MR14 +  
 MU9MR2 + MU9MR6 + MU9MR9 + MU9MR12 + MU9MR14 +  
 MU10MR2 + MU10MR6 + MU10MR9 + MU10MR12 + MU10MR14 + 
 MU11MR2 + MU11MR6 + MU11MR9 + MU11MR12 + MU11MR14 <=  1048.77 
       

14)  MU1MR3 + MU1MR7 + MU1MR11 + MU1MR13 +   
 MU2MR3 + MU2MR7 + MU2MR11 + MU2MR13 +   
 MU3MR3 + MU3MR7 + MU3MR11 + MU3MR13 +   
 MU4MR3 + MU4MR7 + MU4MR11 + MU4MR13 +   
 MU5MR3 + MU5MR7 + MU5MR11 + MU5MR13 +   
 MU6MR3 + MU6MR7 + MU6MR11 + MU6MR13 +   
 MU7MR3 + MU7MR7 + MU7MR11 + MU7MR13 +   
 MU8MR3 + MU8MR7 + MU8MR11 + MU8MR13 +   
 MU9MR3 + MU9MR7 + MU9MR11 + MU9MR13 +   
 MU10MR3 + MU10MR7 + MU10MR11 + MU10MR13 +  
 MU11MR3 + MU11MR7 + MU11MR11 + MU11MR13  >=  998.77  
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15) MU1MR3 + MU1MR7 + MU1MR11 + MU1MR13 +   
 MU2MR3 + MU2MR7 + MU2MR11 + MU2MR13 +   
 MU3MR3 + MU3MR7 + MU3MR11 + MU3MR13 +   
 MU4MR3 + MU4MR7 + MU4MR11 + MU4MR13 +   
 MU5MR3 + MU5MR7 + MU5MR11 + MU5MR13 +   
 MU6MR3 + MU6MR7 + MU6MR11 + MU6MR13 +   
 MU7MR3 + MU7MR7 + MU7MR11 + MU7MR13 +   
 MU8MR3 + MU8MR7 + MU8MR11 + MU8MR13 +   
 MU9MR3 + MU9MR7 + MU9MR11 + MU9MR13 +   
 MU10MR3 + MU10MR7 + MU10MR11 + MU10MR13 +  
 MU11MR3 + MU11MR7 + MU11MR11 + MU11MR13  <= 1048.77  

16) MU1MR4 + MU5MR4 + MU9MR4 + MU2MR10 + MU6MR10 +  
 MU2MR4 + MU6MR4 + MU10MR4 + MU3MR10 + MU7MR10 +  
 MU3MR4 + MU7MR4 + MU11MR4 + MU4MR10 + MU8MR10 +  
 MU4MR4 + MU8MR4 + MU1MR10 + MU5MR10 + MU9MR10 +  
 MU10MR10 + MU11MR10     >= 998.77 

17) MU1MR4 + MU5MR4 + MU9MR4 + MU2MR10 + MU6MR10 +  
 MU2MR4 + MU6MR4 + MU10MR4 + MU3MR10 + MU7MR10 +  
 MU3MR4 + MU7MR4 + MU11MR4 + MU4MR10 + MU8MR10 +  
 MU4MR4 + MU8MR4 + MU1MR10 + MU5MR10 + MU9MR10 +  
 MU10MR10 + MU11MR10     <= 1048.77 

18)  MU1MR8 + MU3MR8 + MU5MR8 + MU7MR8+  MU9MR8 +  
 MU2MR8 + MU4MR8 + MU6MR8 + MU8MR8 + MU10MR8 +  

 MU11MR8      >= 998.77 
19) MU1MR8 + MU3MR8 + MU5MR8 + MU7MR8+  MU9MR8 +  

 MU2MR8 + MU4MR8 + MU6MR8 + MU8MR8 + MU10MR8 +  
 MU11MR8      <= 1048.77 
20)  MU1MR5 + MU3MR5 + MU5MR5 + MU7MR5 + MU9MR5 +  

 MU2MR5 + MU4MR5 + MU6MR5 + MU8MR5 + MU10MR5 +  
 MU11MR5      >= 998.77 
21) MU1MR5 + MU3MR5 + MU5MR5 + MU7MR5 + MU9MR5 +  

 MU2MR5 + MU4MR5 + MU6MR5 + MU8MR5 + MU10MR5 +  
 MU11MR5      <= 1048.77 
22) MU1MR1 + MU3MR1 + MU5MR1 + MU7MR1 + MU9MR1 +  

 MU2MR1 + MU4MR1 + MU6MR1 + MU8MR1 + MU10MR1 +  
 MU11MR1      >= 998.77 

23) MU1MR1 + MU3MR1 + MU5MR1 + MU7MR1 + MU9MR1 +  
 MU2MR1 + MU4MR1 + MU6MR1 + MU8MR1 + MU10MR1 +  
 MU11MR1      <= 1048.77 
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! BUDGET CONSTRAINTS 
! PERIOD 1 
24) 16609.38 MU1MR1 + 16609.38 MU1MR2 + 16609.38 MU1MR3 + 16609.38 MU1MR4 + 16609.38 MU1MR13 +

 22411.19 MU2MR1 + 22411.19 MU2MR2 + 22411.19 MU2MR3 + 22411.19 MU2MR4 + 22411.19 MU2MR13 +
 23826.77 MU3MR1 + 23826.77 MU3MR2 + 23826.77 MU3MR3 + 23826.77 MU3MR4 + 23826.77 MU3MR13 +
 17894.31 MU4MR1 + 17894.31 MU4MR2 + 17894.31 MU4MR3 + 17894.31 MU4MR4 + 17894.31 MU4MR13 +
 24859.17 MU5MR1 + 24859.17 MU5MR2 + 24859.17 MU5MR3 + 24859.17 MU5MR4 + 24859.17 MU5MR13 +
 25752.70 MU6MR1 + 25752.70 MU6MR2 + 25752.70 MU6MR3 + 25752.70 MU6MR4 + 25752.70 MU6MR13 +
 23569.19 MU7MR1 + 23569.19 MU7MR2 + 23569.19 MU7MR3 + 23569.19 MU7MR4 + 23569.19 MU7MR13 +
 34584.19 MU8MR1 + 34584.19 MU8MR2 + 34584.19 MU8MR3 + 34584.19 MU8MR4 + 34584.19 MU8MR13 +
 28259.80 MU9MR1 + 28259.80 MU9MR2 + 28259.80 MU9MR3 + 28259.80 MU9MR4 + 28259.80 MU9MR13 +

 21058.52 MU10MR1 
+ 

21058.52 MU10MR2 
+ 

21058.52 MU10MR3 
+ 

21058.52 MU10MR4 
+ 

21058.52 MU10MR13 
+ 

 27828.55 MU11MR1 
+ 

27828.55 MU11MR2 
+ 

27828.55 MU11MR3 
+ 

27828.55 MU11MR4 
+ 27828.55  MU11MR13 >=  

1333268.85 
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! PERIOD 2  
25)  14124.56 MU1MR5 + 14124.56 MU1MR6 + 14124.56 MU1MR7 + 14124.56 MU1MR14 + 101.04 MU1MR1 + 

 19725.22 MU2MR5 + 19725.22 MU2MR6 + 19725.22 MU2MR7 + 19725.22 MU2MR14 + 101.04 MU1MR2 + 
 20575.49 MU3MR5 + 20575.49 MU3MR6 + 20575.49 MU3MR7 + 20575.49 MU3MR14 + 101.04 MU1MR3 + 
 15328.95 MU4MR5 + 15328.95 MU4MR6 + 15328.95 MU4MR7 + 15328.95 MU4MR14 + 101.04 MU1MR4 + 
 22155.06 MU5MR5 + 22155.06 MU5MR6 + 22155.06 MU5MR7 + 22155.06 MU5MR14 + 101.04 MU1MR13 +
 21511.83 MU6MR5 + 21511.83 MU6MR6 + 21511.83 MU6MR7 + 21511.83 MU6MR14 + 279.33 MU2MR1 + 
 20422.32 MU7MR5 + 20422.32 MU7MR6 + 20422.32 MU7MR7 + 20422.32 MU7MR14 + 279.33 MU2MR2 + 
 29488.25 MU8MR5 + 29488.25 MU8MR6 + 29488.25 MU8MR7 + 29488.25 MU8MR14 + 279.33 MU2MR3 + 
 23881.23 MU9MR5 + 23881.23 MU9MR6 + 23881.23 MU9MR7 + 23881.23 MU9MR14 + 279.33 MU2MR4 + 
 17512.39 MU10MR5 + 17512.39 MU10MR6 + 17512.39 MU10MR7 + 17512.39 MU10MR14 + 279.33 MU2MR13 +
 22933.56 MU11MR5 + 22933.56 MU11MR6 + 22933.56 MU11MR7 + 22933.56 MU11MR14 + 279.33 MU3MR1 + 
 279.33 MU3MR2 + 279.33 MU5MR3 + 426.47 MU7MR4 + 703.82 MU9MR13 + 
 279.33 MU3MR3 + 279.33 MU5MR4 + 426.47 MU7MR13 + 163.83 MU10MR1 + 
 279.33 MU3MR4 + 279.33 MU5MR13 + 652.34 MU8MR1 + 163.83 MU10MR2 + 
 279.33 MU3MR13 + 652.34 MU6MR1 + 652.34 MU8MR2 + 163.83 MU10MR3 + 
 101.04 MU4MR1 + 652.34 MU6MR2 + 652.34 MU8MR3 + 163.83 MU10MR4 + 
 101.04 MU4MR2 + 652.34 MU6MR3 + 652.34 MU8MR4 + 163.83 MU10MR13 + 
 101.04 MU4MR3 + 652.34 MU6MR4 + 652.34 MU8MR13 + 452.18 MU11MR1 + 
 101.04 MU4MR4 + 652.34 MU6MR13 + 703.82 MU9MR1 + 452.18 MU11MR2 + 
 101.04 MU4MR13 + 426.47 MU7MR1 + 703.82 MU9MR2 + 452.18 MU11MR3 + 
 279.33 MU5MR1 + 426.47 MU7MR2 + 703.82 MU9MR3 + 452.18 MU11MR4 + 
 279.33 MU5MR2 + 426.47 MU7MR3 + 703.82 MU9MR4 + 452.18 MU11MR13 >=  931090.69 
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Appendix Figure 6  (Continued 

! PERIOD 3  

26) 11720.62 MU1MR8 + 11720.62 MU1MR9 + 76.40 MU1MR5 + 211.21 MU3MR14 
+ 293.25 MU6MR7 + 532.18 MU9MR6 +  

 16632.52 MU2MR8 + 16632.52 MU2MR9 + 76.40 MU1MR6 + 76.40 MU4MR5 + 293.25 MU6MR14 
+ 532.18 MU9MR7 +  

 17136.97 MU3MR8 + 17136.97 MU3MR9 + 76.40 MU1MR7 + 76.40 MU4MR6 + 322.47 MU7MR5 + 532.18 MU9MR14 +  
 12760.60 MU4MR8 + 12760.60 MU4MR9 + 76.40 MU1MR14 + 76.40 MU4MR7 + 322.47 MU7MR6 + 123.88 MU10MR5 +  
 18750.67 MU5MR8 + 18750.67 MU5MR9 + 211.21 MU2MR5 + 76.40 MU4MR14 + 322.47 MU7MR7 + 123.88 MU10MR6 +  

 17510.37 MU6MR8 + 17510.37 MU6MR9 + 211.21 MU2MR6 + 211.21 MU5MR5 + 322.47 MU7MR14 
+ 123.88 MU10MR7 +  

 17037.74 MU7MR8+  17037.74 MU7MR9 + 211.21 MU2MR7 + 211.21 MU5MR6 + 493.25 MU8MR5 + 123.88 MU10MR14 
+ 

 

 24237.44 MU8MR8 + 24237.44 MU8MR9 + 211.21 MU2MR14 
+ 211.21 MU5MR7 + 493.25 MU8MR6 + 341.91 MU11MR5 +  

 19650.09 MU9MR8 + 19650.09 MU9MR9 + 211.21 MU3MR5 + 211.21 MU5MR14 
+ 493.25 MU8MR7 + 341.91 MU11MR6 +  

 14342.12 MU10MR8 
+ 14342.12 MU10MR9 + 211.21 MU3MR6 + 293.25 MU6MR5 + 493.25 MU8MR14 

+ 341.91 MU11MR7 +  

 18565.74 MU11MR8 
+ 18565.74 MU11MR9 + 211.21 MU3MR7 + 293.25 MU6MR6 + 532.18 MU9MR5 + 341.91 MU11MR14 >=  388263.24  

   

! PERIOD 4        
27)  7180.38 MU1MR4 + 9600.28 MU1MR10 + 418.00 MU1MR1 + 462.89 MU3MR2 + 505.52 MU5MR3 + 243.83 MU7MR8 + 402.40 MU9MR9 +  

 9795.25  MU2MR4 + 13673.68 MU2MR10 + 418.00 MU1MR2 + 462.89 MU3MR3 + 159.70 MU5MR8 + 243.83 MU7MR9 + 418.00 MU10MR1 
+ 

 

 9954.77 MU3MR4 + 13972.21 MU3MR10 + 418.00 MU1MR3 + 159.70 MU3MR8 + 159.70 MU5MR9 + 505.52 MU8MR1 + 418.00 MU10MR2 
+ 

 

 7493.82 MU4MR4 + 10451.71 MU4MR10 + 57.77 MU1MR8 + 159.70 MU3MR9 + 505.52 MU6MR1 + 505.52 MU8MR2 + 418.00 MU10MR3 
+ 

 

 11168.23 MU5MR4 + 15411.68 MU5MR10 + 57.77 MU1MR9 + 418.00 MU4MR1 + 505.52 MU6MR2 + 505.52 MU8MR3 + 93.67 MU10MR8 +  
 10495.12 MU6MR4 + 14062.98 MU6MR10 + 462.89 MU2MR1 + 418.00 MU4MR2 + 505.52 MU6MR3 + 372.97 MU8MR8 + 93.67 MU10MR9 +  
 10687.34 MU7MR4 + 13934.17 MU7MR10 + 462.89 MU2MR2 + 418.00 MU4MR3 + 372.97 MU6MR8 + 372.97 MU8MR9 + 462.89 MU11MR1 

+ 
 

 12468.23 MU8MR4 + 19533.66 MU8MR10 + 462.89 MU2MR3 + 57.77 MU4MR8 + 372.97 MU6MR9 + 505.52 MU9MR1 + 462.89 MU11MR2 
+ 

 

 10304.54 MU9MR4 + 15876.75 MU9MR10 + 159.70 MU2MR8 + 57.77 MU4MR9 + 462.89 MU7MR1 + 505.52 MU9MR2 + 462.89 MU11MR3 
+ 

 

 6896.67 MU10MR4 + 11626.41 MU10MR10 
+ 159.70 MU2MR9 + 505.52 MU5MR1 + 462.89 MU7MR2 + 505.52 MU9MR3 + 258.53 MU11MR8 

+ 
 

 9524.08 MU11MR4 + 14869.90 MU11MR10 
+ 462.89 MU3MR1 + 505.52 MU5MR2 + 462.89 MU7MR3 + 402.40 MU9MR8 + 258.53 MU11MR9  >=  

279042.8 
   



! PERIOD 5 

28)  6106.18 MU1MR3 + 5429.33 MU1MR7 + 7798.84 MU1MR11 + 6106.18 MU1MR13 
+ 

 8582.34 MU2MR3 + 7406.51 MU2MR7 + 11066.92 MU2MR11 + 8582.34 MU2MR13 + 
 8683.73 MU3MR3 + 7527.13 MU3MR7 + 11244.19 MU3MR11 + 8683.73 MU3MR13 + 
 6478.04 MU4MR3 + 5666.33 MU4MR7 + 8474.84 MU4MR11 + 6478.04 MU4MR13 + 
 9825.79 MU5MR3 + 8444.67 MU5MR7 + 12447.26 MU5MR11 + 9825.79 MU5MR13 + 
 8947.21 MU6MR3 + 7935.70 MU6MR7 + 11208.44 MU6MR11 + 8947.21 MU6MR13 + 
 8323.11 MU7MR3 + 8081.05 MU7MR7 + 11243.41 MU7MR11 + 8323.11 MU7MR13 + 
 11304.99 MU8MR3 + 9427.64 MU8MR7 + 15551.78 MU8MR11 + 11304.99 MU8MR13 + 
 9237.65 MU9MR3 + 7791.60 MU9MR7 + 12685.78 MU9MR11 + 9237.65 MU9MR13 + 
 6139.14 MU10MR3 + 5214.80 MU10MR7 + 9358.08 MU10MR11 + 6139.14 MU10MR13 + 
 8465.46 MU11MR3 + 7201.47 MU11MR7 + 11829.81 MU11MR11 + 8465.46 MU11MR13 + 
 43.68 MU1MR4 + 120.76 MU3MR10 + 382.24 MU6MR6 + 382.24 MU9MR5 + 
 316.06 MU1MR5 + 43.68 MU4MR4 + 282.01 MU6MR10 + 382.24 MU9MR6 + 
 316.06 MU1MR6 + 316.06 MU4MR5 + 184.37 MU7MR4 + 304.27 MU9MR10 +
 43.68 MU1MR10 + 316.06 MU4MR6 + 350.01 MU7MR5 + 70.83 MU10MR4 + 
 120.76 MU2MR4 + 43.68 MU4MR10 + 350.01 MU7MR6 + 316.06 MU10MR5 +
 350.01 MU2MR5 + 120.76 MU5MR4 + 184.37 MU7MR10 + 316.06 MU10MR6 +
 350.01 MU2MR6 + 382.24 MU5MR5 + 282.01 MU8MR4 + 70.83 MU10MR10 +
 120.76 MU2MR10 + 382.24 MU5MR6 + 382.24 MU8MR5 + 195.48 MU11MR4 +
 120.76 MU3MR4 + 120.76 MU5MR10 + 382.24 MU8MR6 + 350.01 MU11MR5 +
 350.01 MU3MR5 + 282.01 MU6MR4 + 282.01 MU8MR10 + 350.01 MU11MR6 +
 350.01 MU3MR6 + 382.24 MU6MR5 + 304.27 MU9MR4 + 195.48 MU11MR10 >=  398514.44

 
        Appendix Figure 6  (Continued) 
 
 
 
 



 
! PERIOD 6 
29) 5066.93 MU1MR2 + 4617.08 MU1MR6 + 4105.29 MU1MR9 + 6298.47 MU1MR12 + 

 7218.15 MU2MR2 + 6489.39 MU2MR6 + 5600.30 MU2MR9 + 8866.82 MU2MR12 + 
 7277.82 MU3MR2 + 6566.05 MU3MR6 + 5691.51 MU3MR9 + 8973.67 MU3MR12 + 
 5418.17 MU4MR2 + 4898.26 MU4MR6 + 4284.50 MU4MR9 + 6824.72 MU4MR12 + 
 8256.93 MU5MR2 + 7429.60 MU5MR6 + 6385.29 MU5MR9 + 9942.65 MU5MR12 + 
 7354.68 MU6MR2 + 6765.28 MU6MR6 + 6000.45 MU6MR9 + 8891.12 MU6MR12 + 
 7060.85 MU7MR2 + 6293.38 MU7MR6 + 6110.35 MU7MR9 + 8991.58 MU7MR12 + 
 9639.21 MU8MR2 + 8548.07 MU8MR6 + 7128.55 MU8MR9 + 12284.41 MU8MR12 + 
 7806.37 MU9MR2 + 6984.89 MU9MR6 + 5891.49 MU9MR9 + 10063.52 MU9MR12 + 
 5219.89 MU10MR2 + 4642.01 MU10MR6 + 3943.08 MU10MR9 + 7492.57 MU10MR12 + 
 7133.36 MU11MR2 + 6401.01 MU11MR6 + 5445.27 MU11MR9 + 9369.08 MU11MR12 + 
 4617.08 MU1MR14 + 33.03 MU1MR7 + 33.03 MU4MR11 + 289.03 MU8MR8 + 
 6489.39 MU2MR14 + 238.98 MU1MR8 + 91.31 MU5MR7 + 213.24 MU8MR11 + 
 6566.05 MU3MR14 + 33.03 MU1MR11 + 289.03 MU5MR8 + 230.07 MU9MR7 + 
 4898.26 MU4MR14 + 91.31 MU2MR7 + 91.31 MU5MR11 + 289.03 MU9MR8 + 
 7429.60 MU5MR14 + 264.63 MU2MR8 + 213.24 MU6MR7 + 230.07 MU9MR11 + 
 6765.28 MU6MR14 + 91.31 MU2MR11 + 289.03 MU6MR8 + 53.55 MU10MR7 + 
 6293.38 MU7MR14 + 91.31 MU3MR7 + 213.24 MU6MR11 + 238.98 MU10MR8 + 
 8548.07 MU8MR14 + 264.65 MU3MR8 + 139.41 MU7MR7 + 53.55 MU10MR11 + 
 6984.89 MU9MR14 + 91.31 MU3MR11 + 264.65 MU7MR8 + 147.81 MU11MR7 + 
 4642.01 MU10MR14 + 33.03 MU4MR7 + 139.41 MU7MR11 + 264.65 MU11MR8 + 
 6401.01 MU11MR14 + 238.98 MU4MR8 + 213.24 MU8MR7 + 147.81 MU11MR11 >=  380913.35 

 
Appendix Figure 6  (Continued) 
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Appendix Figure 8  Cutting area in first period
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Appendix Figure 9  Cutting area in second period
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Appendix Figure 10  Cutting area in third period
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Appendix Figure 11  Cutting area in fourth period
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Appendix Figure 12  Cutting area in fifth period
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Appendix Figure 13  Cutting area in sixth period
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