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ABSTRACT

Aim of the thesis is to evaluate a monetary value of a flow of ecosystem services from
forest arean rural tropical regions of Cambodigvaluation is used for deeper comprehension of
costs and benefits of deforestation. A system dynamic model was developed to capture change in
land use asonsequenctorest clearingAssessment of effects of land us®nges was conducted
via calculation of many indicators portraying
tax revenue, social cost of carbon, availability on-tiorber forest products, profitability of tree
plantations and moré set of diffeent future scenarios is presented based on which new policies
for maximization of benefits can be implemented.
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CHAPTER 1.INTRODUCTION

1.1. LIVES project, study areaand problem formulation

This thesis is based on a work done underlti/ked Indicators for Vital Ecosystem
ServicegLIVES) project! Founded byLuc Hoffman Institute, LIVES project aims to integrate
multiple sciences and create new methodology of measuring ecosystem health. Center of attention
is dedicated to analyze links between food, water and energy sectors in tropical rive Chasigs
the research a system dynamics (SD) model was built to capture changes in land use following
hydropower development. TheS Mekong Flooded Forest Stodel, which | briefly describe in

chapter 3., serves as a foundation upon which | built my oagem

The study area is Mekong Flooded Forest | a
Strung Treng. In the generally rural area of188 knt lives population largely dependent on
subsidies farming and collection of romber forest products (NFHEp(Kim, Sasaki, & Koike,

2008. Since the beginning of a new millennium a massive deforestation has takef l@age.

portions of land were allocated to largeale agrandustrial plantations called Economic Land
Concessions (ELJsvhere most of the forest clearing have occurred. Sinc&600s majority of

wood harvest in Cambodia is so called fAconver s

to be deeply controversial on social, environmental and economica(fevektTrends, 201p

On one hand, there are governmental financial revenues from allocation of ELCs and tax
income from exported timber as well as job opportunities in the newly established plantations or
agricultural fields. On the other hand, besides o@bsienvironmental damage, allocation process
is often accompanied by dispossession of local farmers resulting in increase in rural (doeefrty
2016. Also, loss of the forest area leads to serious negativetésngconsequences in terms of

increased output of carbon dioxide (g@nddepreciation of forest ecosystem services.

! For more information about the LIVES project, visitip://luchoffmanninstitute.org/research/linked
indicatorsfor-vital-ecosystenservices/

2l n Krati® province alone the size of f@®0lswenarea d
years 2004 to 2014.
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1.2. Research objectivesnd research questions

The main goal of thesis ie use system dynamics model for ecosystem services evaluation.
Source of ecosystem services is natural capitéth represents a stock oftaeal resources, such
as geology, soils, air, water and all living organisinsimpleterms,it meanghatdifferent types
of land (forest, river, lake) are stocks of natural assets that provides flows of ecosystem services.

Forest area is among the moaportant sources of ecosystem services. Since-Eugle
forest clearing is characterisfieature of the study area, then the process of deforestation is set to
be a focal point in my ecosystem services evaluafitom that end | constituted two maesearch
objectives.

Firstly, it is neessary to understand the dynamics and consequehdegorestation and
how it affects flows of ecosystem services. Gaining this understanding enables me to camstruct
explanatory modethich will show in clear monetamalues the outcomes of historic development.

Secondly, use the explanatory model to magk®jections about possible future
developments. Expanding the time frame of the simulation of the explanatory model allow us to
predictwhat might happen if historic practices will continue to run its course. Such results can be
cal |l ed nbus(BAUpssesari@By inttoductianlofdcsome key changes to the system the
model will simulate multiplediverse outcomes.These outcomes will picture what possible
scenarios might occur in future. Creation ofdlection of different scenarios can guide us to
discover what systemic changes are most desirable.

To accomplish the stated set of objectives a group of research questions were formulated
for the research to answer:

1. What are the key ecosystem services provided by the forest land?

What are the main drérs for deforestation?
How is the forest land used after clearing?
How does deforestation affect governmentos

ok~ 0N

Whatpolicies would generate the best possible out¢ome

Achieving the main goal and subsequent set of objectivesamttibutevaluable insights
into growirg field of sustainability sciencey showing a way of quantitative accountofgpecific
ecosystem services. The whole model is separated into different parts i.e. m@&adesnodule

is focused either on accourgiof different ES or on accounting the same ES on different land
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type). This separatioconveniently portray$o a readehow individualES can be accounted on
their own Thereforeyvariousparts ofexisting structurean beused as blueprinend expanded in
future research oécosystem services assessment withibat necessityof reproducingwhole
model.

This research caalsoenrich SDfield by showing an example on how to analyxzel
connect various literature unrelated to system dynanmdsceeate models based on it. With the
focus laid on the foresandthe modules provide an inspiration on how the SD structure might look
like in areas such as: calculation of wood product and government revenues in managed forest,
dynamic calculation oBmount of carbon in managed forest; calculation of wood product and
individual and government revenues in forest plantations, dynamic calculation of timber market
price andestimation of the value of neimber forest products collection.

Lastly, by preseting consequences of deforestation in clear monetary terms on
government al (government revenues), private (]
of carbon, value of fuel wood and NTFPs collection) level, the model can serve as a powerful
edu@tionaltool for decision maker® understand the value of forest land and how to maximize
it.

1.3. Methodologyand choice of software

The methodology applied in this research consists of relevant literature overview,
quantitative system dynamics modelingdamodel simulations analysiBy changing chosen
parameters in the model will produce different outcomes. Such changes are way of experimentation
which enable to present different #Awhat ifo s

The software used for modeling is a visual prograngnt@mguage for system dynamics
Stella Architect.Since the originalMFF model was created in Vensim software a lot of
consideration were given whether to continue to expand the model in Vensim or rebuilt it in Stella
Architect.Features of both software ar®rethan sufficient for the level of modeling presented in
this thesis. Ithe end| made the choicto use Stella ArchitectNecessityof rebuildng the MFF
model was seeapportunity to fully understand its structure. Amet importantreasonof using
Stella iIis a possibility to work in i1ts RAExpl

change values of model 6s parameters and see t

12



of runningnew simulatios. Minor advantage of Stella is also its more compelling visual interface

In comparison with its counterpart.
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CHAPTER 2.LITERATURE OVERVIEW

2.1. Ecosystem services

Ecosystem services can be defined as contributors that ecospstemdgto human weH
being. They can be understood as outputs of ecological systems which can be consumed or used
by people. Classification of these services in scientific community is not yet fully unified.
Generally accepted are three main categories of sstvigrovisioning (nutrition, materials,
energy), regulating (regulation wastes, flow and physical and biotic environment) and cultural
(symbolic, intellectual and experimentalupporting services can be accounted as fourth category
which is done in TEEBclassification. Examples of these services are maintenance of genetic
diversity and habitats for species.

In this work, | decided to focus dhreeecosystem servicesvo provisioning (timber and
nontimber forest products) and one regulating (seqagsir of CQ). All the listed services are
connected to the forest land. The reason of this choice is to portray and better understand the
dynamics and consequences of the massive deforestation in the study area.

Accounting flows of ecosystem services amghlementing that information in loragrm
decision making is necessary for achieving sustainable develof@i®sit& Vardon, 2014 There
is a wide range of evaluation techniques of ecosystem services which can be used. Generally,
different types of estimations are used in different places and for different services. Evaluation
methods can be divided into two main categories: coromalt economic valuation and non
monetizing valuation.

Among the vast collection of monetizing practices are for example: reveaézence
approaches (travel cost, market methods, hedonic methods, etc...}pstédeence approaches
(contingent valu@gon, conjoint analysis) and ceBased approaches such as replacement cost and
avoidance cost. Examples of Roronetizing approaches can be individual intbesed or group
based methods such as expert opinion, focus groups or stakeholder §hatysset al., 2016

Shortcoming of conventional economic valuation might be expectation that people have

well-formed preferences and enough information about toffidethat they can adequately judge

3 In brackets, | am using examples of services by the Common International Classification of Ecosystem
Services (CICES) devagbed by European Environment Agency (EEA). Supporting services are by this classification
perceived just as a part of underlying structures and functions of ecosystems and are only indirectly consumed by
people. Therefore, these services should be accoimtglder waygHainesYoung & Potschin, 2012

4The Economics of Ecosystems and Biodiversity.
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t h ewillingnésstoopay 0. These assumptions do (fMwnerethol d
al., 2016. Nevertheless, a failure to place monetary values on ecosystem goods and services can
ultimately lead ¢ their overexploitation and los&rieger, 200].

In my thesis, | chose a path of a conventional ecoomaluation of ecosystem services,
i.e. | am calculating monetary value in USD of each service. This methodology fits into market
based valuation approach. Since timhpd NTFPs are all marketable goods it is reasonable to
choose direct method of pritesed assessment.

In the case of carbon sequestration, | am calculating the social cost caused by its release of
COzinto environment. It is therefore ceasased evaluation of mitigation where the costs represent
value of indirect damages caused by poliutio

Approach Methaod Value
E;L(;Z Market prices Direct and indirect use
Market Avoided cost Direct and indirect use
valuation | Cost-based | Replacement cost Direct and indirect use
Mitigation / Restoration cost Direct and indirect use
Production | Production function approach Indirect use
-based Factor Income Indirect use
Travel cost method Diarect (indirect) use
Revealed preference —— - -
Hedonic pricing Direct and indirect use
Contingent Valuation Use and non-use
Stated preference Choice modelling/ Conjoint Analysis | Use and non-use
Contingent ranking Use and non-use
Deliberative group valuation Use and non-use

Table 1. Relationship between valuation methods and value types (TEEB, 2010)

2.2. Social cost of carbon

Concept of social cost of carbon (SCC) was created to measure therfmngconomic
damage caused by G@missions or its equivalent. SCC is a very comprehensive estimate of
climate change costs which includes changes in agricultural productivity, property damages,
increased flood risk, human health, €€PA, 2017. While the calculated value does not im=u
all important damages it is still considered to be the most important single economic concept in the

economics of climate chang&ordhaus, 2016 Units of SCC are US dollars and the value
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represent damage done by one ton o 6€ year. Estimation of the cost is calculated by linking

global economic model and global climate model into Integrated Assessment Model. The values |

am using are based on William Nordhausoé DI CE |
of COxin 2015 and this value grows by 3% up to the year 20&frdhaus, 2016 The reason for

the annual increase of the cost is expectation of worsening effects of climate change. Growing
global population will cope with intensified effects gilbbal warming which will lead to more

damages per ton of GO

2.3. Non-timber forest products

Nontimber forest products (NTFPs) are any useful products, materials, services or
commodities other than timber that are obtain from fofidsty include vegebles, game animals,
medicinal plants, nuts, resins, seeds, berries, oils, rattans, foliage and more. Resins collection is in
case of rural Cambodia especially importédansen & Top, 2006 Given the wide varietyf
listed productsNTFPs collection can be rightly consider\atal forest ecosystem servicéhe
importance of NTFPs on income generation, rural livelihoods, local economies and forest
conservation has been over the last decades increasingly recognized in the reseatchsas
public policy areagShackleton, Delang, Shackleton, & Shanley, 30MTFPs collection can play
either supplementary (obtaining food and medicine) or commercial role in the livelihood of rural
families. Extraction of NTFPs usually characterized by low capital and low skill requirements
and open access to resources. It is consequently available as a source of income even for the poorest
segments of society. For that readdiiFPs collectioncan onst i t ut e a soci al f
developing areas, such Stung Treng and Kratie happé&egittansen & Top, 2006

According to(Hansen & Top, 2006and (Clements, Suon, Wilkie, & MilneGulland,
2014, the total annual value obtain from NTFPs extraction is 424 p&Chousehold in Kratie
and average household size in Stung Treng is 5.7 peldpbeefore based on this sources | am
operating with 74 USD per personyasarlyvalue ofNTFPscollection

For the population to be able to gather the products thetbe enough of forest land
available in proximity of settlementRequiredareaduring the collections different for each of
the main forest type which are: evergreen, seweirgreen and decidus. The value of NTFPs per
hectardor each forest type cdrebased on NTFP inventories or on actual flows. The first method

values all potential resources in the forest. By this methodology the densest forests are the most
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valuable because of the highemounts of biomass per hectare. The seguoethod considers
valuation of NTFP use from the extractor point of vi@dansen & Top, 2006which is the
methodology used in my source. This method leads to more conontiéive results where
deciduous not evergreen forest is the most valuable. Although evergreen farelséns its

resources, its high density makes the extraction more complicated and travel costs higher.

Annual per hectare value of NTFF collection ($/ha)

Deciduous Semi-ev efgreen Ev ergreen All types

Figure 1. Per hectare direct values of NTFP use in selected forest types (Hansen & To

It is rather selexplanatory that deforestation negatively affects the obtainability 8FLT
Developing tree plantationsagreviously forestandis still prodematic.Based on the research
done on of effets of industrial plantation ofuealyptus on ecosystem services conducted in
southern Chinathe collection of NTFPs worsened after plantagicievelopmentD 6 Amat o,
Rekola, Wan, Cai, & Toppinen, 201 Another problem which occurs specifically in Cambodia is
that plantation owners prohibits local population to enter the plantations as it was documented in
many casefDararath, Top, & Lic, 2011

2.4. Managed forest area

Forests in Cambodia are state property so determining what areas can be cleared and what
areas should be protectack political decisionsNevertheless, these decisions stk driven by
economidncentives. Understanding the flow of benefits from managed forest is crucial for offering

an alternative to full deforestation. Because the owner is the state it is requaesess what are
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the government revenues from clearing a forest and priéit can be generatday managing a

forest in a sustainable walhe profit in both cases represents mostly the tax income from exported
timber. In this aspect, the most relevasidy was conducted byKim, Phat, Koike, & Hayashi,

2006 in Estimating actual and potential government revenues from timber harvesting
Cambodia In this report the researchers estimate revenues based on available information on
harvested wood, operable logging area and forestry taxes under different management scenarios.
Although this study is not part of SD literatutgorovides clar mathematical formulation for its
calculations so it can be conceptualized in stocks and flows structure.

The drawbaclof this study is that it does not consider how different management practices
alter the carbostocksin the forest. As | already indicated, carbon release constitutes major costs
to societyhence its assessment is important when considéragptimal management regime.
Among the existing literature a research dong®epaki et al., 201Pon managing production
forestwas a pe#ct fit into the missing link. This study presents equations on how different
management practicdgke cutting cycle time or logging mortalitghange existingarbon pools
in forests aboveground biomassBased on the change in biomass | can estimate change in the
volume ofmaturetrees whiclcreates a feedback loop to the calculation of government revenues.

By combining thesesources, | could builtdwo interconnected modulesd present how
different management regimes not only directly chasmgeunt of revenues from wood product
but alsaindirectly change the dyamics of a growth of the forest which in twaiso affects flow of

revenue in the long run.

2.5. Plantations

Development ofagriindustrial cropsand tree plantations asmong the key drivers of
forest conversion in CambodjBorest Trends, 20}4The main types of emerging plantations are:
cassaa, rubber and diffent sorts of fast growing tredsach of these crops represents different
tadeof fs in terms of ecosystem services. Unl i ke
diet and its ecosystem service characteristics are morersioniiee, beans and other food products
than to the tree plantations. For thiatison,l decided to include cassava in general stock of

agriculture land and paid more focus on rubber and tree plantations.
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Rubberc an be considered as one of t he most

n

the | ast 20 yearso6 size of rubber rpdisteradt at i on

especially strong increase and rubber plantations become as widespread as traditional rice fields

(CDC, 20143
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Figure 2. Natural rubler production in Cambodia, 1922011 (Ministry of Commerce, Cambodia, 20

Rubber plantations aprimarily developed for latex collectioithe life cycle of trees is 25
to 30 years after which they being cut and utilized as source of timber. Altoboongihlered to be
an agricultural crop its characteristics amere close to tee plantations.Due to the growing

restriction on natural forest clearing, rubber plantations are becoming important source of timber

and government revenugShigematsu et al., 2010

Besides rubber other types of trees are being planted to be used as timber source as well.
Most common species are acacia, eucalyptus andRea& Kimsun, 2012 They are not reliable

data on which tree species are being planted in Stung Treng and Kratie but based on national data

5 For example, provision of timber and NTFPs, larger carbon pools, etc.
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acacia and eucalyptus are dominant. Both acacia and eucalyptus species have similar short life
cycleso for simplicity all tree plantains in the model are presented as acacia.

Model calculating the amount of wood product from plantations is based on article
Estimation of rubberwood production in Cambobia(Shigematsu et al., 20LQAuthors in this
study provided lay out of production stages and yield rates of rubber processing which can be easily
translated into SD stock and flow diagram. Howewey, model is just a simplification of the

production stages presented in the article for reasons are exgiaiitationssection.
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CHAPTER 3.MODEL DESCRIPTION

I n this chapter | wiFirstly, |entoducedPiS Mekang Bl@oted s st

Forest SD modelvhich serves as the main building thoat the core of the structure. Since this
model was already developadd presented inlVES: Modeling For Change With Nexus Thinking
(Watkins et al., 2026l will describgust its general characteristics and be speoiffiy with the
modifications done by me.

Secondly| will presentrest of the structure which is separated shféerent parts called
modules. The description will consist cbnceptual explanatioaf the role of the module and
presentation of its stocks and flows struct@e/en the large sizef the whole structure only some
mathematical formulations will be displayed. The complete documentation of all variables and

formulations will be provide in the Appendix G

3.1. IPS Mekong Flooded Forest SD modednd its modification

The purpose of théSP-MFF model is to calculate and represent the main drivers of the
food-energywater nexus in the MFF landscafdne main areas the original model dealing with
are Human populationFish population Dolphin populationLand SedimentdHydropower dam
capacity, Road network lengtiHydropower economic indicatoemdprivate sector

Because thdocus of this thesiss laid on forest transformationthe stocks and flows
structure ofLand becomes most relevant and requires closer examination. The origircalise

consisted of four stocks representing four different land types:
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agriculture
land gap

grazing to agridylture

grazing land \ argiculture land
+ < A \ +

agriculture to grgzing

settlement agriculture
land gap - minimum land land lifetime
grazing to conversion time
settlement .
allow/forest to agriculture
max fallow to .
conversion land clearing
settlement land <} fallow/forest land
+ +
fallow/forest —

to settlement

Figure 3. SFD of land types in original ISMFF

As the human g@pulation grows it requires more food and land which is represented by
agriculture and settlemenénd gap. To satisfy thsegaps a portion of forest aregaust be
transitioned fronfallow/forest land The speed of this process is limited togximum fallowto
agriculture conversionin case of insufficient flow rattfom or depletion ofallow/forest landa
grazing landcan be also utilized for covering the gaps.

Over the time of my modeling effort this sectibad to bemodified. First important change
wasto divide stockfallow/forest landinto separate stocks of forest and fallow land respectively.
Two reasons led me to make this charkgest reason is to conceptualize more precisely¢aé
chain of eventsThe nature of deforestation in Cambodia istfand foremost driven by timber
exports not the necessity to acquire more settlement or agriculture land. This leads to a situation
when largeportions of forests are being cleared #mraghsformed into fallow land which might be
only potentially later usd for plantations development, agriculture or settlem@&dsause the
dynamics of fallowland and forest land are different, the ratio between them changes over time.
Thereforepnly by separating these two elemehtsin estimate the actual size of forast fallow
area That is the second more practical reason for my deciKioowing the actual size offallow
land gives ais crucial for estimation of forestarbon pools. Based on that information | can

understad what amounts of CO2 were released and calculate the sadiahcost.
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Another change to the structure is inclusion of stocks of rubber and acacia plantatites.
acaciawhich might be consider as forest langbber plantations are officially ckied as part of
the agriculture. Nevertheless, they are both in fact tree plantations which provides different
ecosystem services thaypical agriculture crops like rice or cassava. Therefeeparation of
rubber from agriculture as well as separatbacacia from forest land is needed.

New stocks and flows structure:

agriculture
land gap
max fallow to minimum land
ag conversion conversion time
grazing to agriculture minimum land
conversion time
: . | rubber
grazing land + argiculture Iani < plantation
agriculture to grazing max fallow to
ag conversion
agriculture fallow to agr
land lifetime ,‘/"“) wood plantations.planting
rubber
grazing to max fallow to
ettleme ag conversion
minimum land
conversion time forest to
agriculture
protected max fallow to
settlefhent area timber ag conversion
Iandﬂap land clearing c[earing
acacia
settlement land <} forest land ; :> fallow land plantation
+ + /vf;;t Il bchcia plantation -
rotected to evelopment
max fallow to to settiemext area

fallow

ag conversion

loss of

minimum land forest

L, wood plantations.planting
conversion time

forest/protected forest acacia

settlement ,,"\/

' 1 minimum land

o fallow to
anagap ... conversion time ~ Settlement

max fallow to
ag conversion

Figure 4. SFD of land types modified

As you can sebesides three new stodkere aralso five new flowsAgriculture landand
settlement landan be increased by inflow frofallow land Driver for this process continues to
be either agricultural or settlement land gap. Direct flows from f@edtgrazingand are still
possible buflows from fallow land are prioritized. Stock ofallow landis increasedy timber
clearingwhi ch i s i nduce by nSiocks ef tubber amtl @cacdaphntatioms t i
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are increased by outflows frofallow land Size of this outflowss related to théorest to fallow

flow in a way which | describe later

3.2. Government revenues from managindorest

Government revenudsom managed foresire collection of different taxes and fees on
wood produc(timber)and its exportsThe amount of wood product is dependensize andype
of forestareaand management regime. Revenues from export are derived from the amount of

exported timber and its market price which is calculated in different module.

3.2.1. Size of managed forest

First logical step is to know the total size of managed forest. InbGdia, there are
different categories of managed forest, namptptected areaprotected foresand community
forest(Global Forestry Services, 2014Althoughthe areasr@ managed under various set of laws,
due to their laxenforcement it is not oversimplification to consider therh@aogenousThe size
of managed foresgives a value to the variabé&ea which cannot be clearedhich serves as a
limit under whichtheforest landstock cannot be decreasé@m the other hand, the stock of a forest
serves as the upper limit to theanaged foresto ensure that during the scenario simulations a
managed area will never be higher than the total size of forest land.
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Figure 5. Size of managed forest

3.2.2. Proportions of forest covers andts wood volumes

After calculation of the size of managed forest it is necessary to know proportions of the
main forest typewhich are: denseleciduousandmixed. Each type of forest has different volume
of mature trees per hectaFar both provinces, there are historic data on distributions of dense and
mixed forest covers. Unfortunately, these proportions do not follow uniform trend. The model is
therefoe set up to change percentages of forest coverdmtilg year 2014 when last historic data
are available. After that the proportions stay staHistoric data on size of deciduous forest in
Kratie and Stung Treng do not exist but based on the national data the size of this forest cover is
3.3 times larger than size of mixedver(FAO, 2010Q. By multiplying fractions ofdense forest
andmixed + deciduous forestith the total sizeof managed foresthe model calculate sizes of
each forest type.

In the nextstep,each forest cover is multiplied ®nnual operable areaThis variable
characterizea fraction from the forest where legal extraction is taking place. Size of this variable
is dependent on the rate of illegal logging. Decrease in illegal logging would increase operable area
which would lead to higheamounts of wood product and government revenues. The fraction of
annual operable aress traditionally estimatetb be 0.5 i.eonly half of the forest is being utilized
(Kim et al., 2008.
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Variablesmax potential densedeciduousand mixed represents the amounts of wood
product incubic meters which can be extracted from each forest type. These values are calculated
by multiplying the volumeof mature treeper hectarén each forest type with isize.Information

on the volumeger haare fed from modul€arbon in managed forest

C in managed forest. volume of
annual operable ,~~, mature trees per ha

[ B ¢
— . mixed
[::] Forest cover type development g ares o i

f'f—ﬂ_ ‘
dense fiorest Stung Trang miceed forest Dreciduous \\
) ) forest max potentisl

O —_MiDged

total Stung Treng /
@ _ : Ir" g mazx potential
T ' (o Aerid -
dense forest Stung Treng /,C) annual operable sEmumus

SroEntage . )
pe = mizted + Deciduous ares
fiorest Ay
C in managed forest.volume of 1 |
averags percentags T /"y managed mature mees per ha gap
denss forest L fores deciduous P

max potentisl
dense

densze forest kratie

pErcentage
i
o

total kratie

dense forest
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o
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O i C in managed forest.volume of
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-+ = mature rees per ha
dense forest kratie annual opersble dense
area

Figure 6. Forest covers and its wood volumes

3.2.3. Wood product in managed forest
The total amount of wood which can be extracted is represenieatdrytial wood harvest
stockwhich initial value is a sum ahax potential dense, deciducarsd mixedvariables As the
values of theses variables change over timé& sum becomes different than tb&al value in the
stock. This discrepancy is expressed by varighfgin potentialwhere the values of variablesea
deducted by the values in the sto¢klues of this gap are then usedtirange in potentidbi-flow
which creates balancing loop between the stock and the variables and corrects the discrepancy.
The flow cut wood is dependent on the sizepaitential wood harvestand parameters
fraction of trees cut per cyclend cutting cycle timeFirst parameter signifies what fraction of
mature trees are cleared during one cutting cycle and the second indicates how long one cycle is.

In normal settings 1/3 of all ature trees are cut every 30 ye@ésn et al., 2008.
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The stockvolume of cut woodepresents all the wood which has been cut d@&ame
wood is going to be damaged and wasted. R#lsbe successfully logged and accounted as final
wood product or timber. Fraction of wasted wood is dependent on the logging practices which
expressed bparameter logging waste. Damaged wood can be collected and used as fuel wood.
Wood product is afterwards sold on the local market or exported depending size of local and foreign
demand. The ratio between these two demand is calculated in timber masketqadiale.

VAN
time unit revenues, costs,
lo: benefits.logging waste
change o0 : time unit
. . : selling WP
in potential time unit "o ens® 9
time unit
‘ gapin
‘s)) potential exporting WP
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potential final Iggging X
wood harvest volume of cut Wood Product S
wood (WP) "ens®
. -, time unit timber demand
{0 "’ = and price.exports
W, init fraction
revenues, costs, WP

revenues, costs, benefits.fraction of trees

cut per cycle benefits.cutting cycle time

Figure 7. Wood product in managed forest

Thestocks and flowpresented irrigure 7 are arrayed which means that the same structure
is replicated multiple time§.he reason for this designtlsat different forest covers hadédferent
ratios ofdipterocarp, nomipterocarpand unknown tree species. Royalty collected on extraction

of each species are not uniform therefore it is necessary to separate them.

3.2.4. Volume of timber per hectare

The structure created for calculatiamamount of timber per ha in managed fosts not
feed any information to other modul es and
Nevertheless, information on volume per hectare serves as an important indicator of the outcomes
of various management regim€&alculation is a sum of thelumes of mature trees in each forest

cover in one hectare of forest multiplied by the rate of logging waste.
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Figure 8. Volume of timber per hectare in managed forest

3.2.5. Government revenues

Government revenues asgm of various fees and taxes. The full list consists of:

Royalties on wood product

Reforestation tax

1

1

1 Export tax
I License fee
1

Customs charge

The royalties and reforestation tax are being charged on the volume of wood product and

the rates different for each tree species. Export tax, license fee and customs charge soéebased

on the amounts of timber exported and its market price. Bedaisatio of species is different for

each forest type three separate structures had to be built. However, the structure is always the same

so inFigure 9l present just structure for dense type of forest.
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Figure 9. Governmentevenues from managed forest calculations

3.3. Government revenues from clearing forest

This module is based on the desofithe pevious one with few alterations, hence | portray
only the parts of the structure which are differ@&rver of this module is variableand clearing
which representdecrease of thiorest landstock. Volumes of mature trees are constant because
they are not being affected by management practices. There is no spmtkrdfal wood harvest

because everyme step full potential of every forest cover type is being utilized. The structure for

29



calculating amount of timber per hectatso staysinchangedbut in this case the resigtused in
timberdemandandprice module and playsrucial rolei n m®similation runs.
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Figure 10. Government revenues from forest clearing

3.4. Carbon in managed forest

This sector calculates carbon stock of aboveground biomass per hectare of each forest cover
type in managed forest based on management practices and uses this informesiomditionof
volume of treeper halt therefore operates under assumption riblative change in aboveground
biomass is equal to relative change of volume of all tfeéash forest cover has different initial
volume of trees per hectare so the change in the volume must be calculated separately for dense,
mixed and deciduous type eMertheless, the structure is always identical hence it is sufficient to
present in Figure 12 lay out of only one type, in this case dense forest.

Carbon stock of aboveground biomass is a stock variable. Its initial value is equal to average
amount of abeeground carbon in each respective forest cover fipe stock can be increased or
decreased binflow of change in above CBelative change of value of the stock is expressed by
relative change in above biomass lriable.Initial volume of all treess then multiplied by the
relative change in biomass and representedbhyme of all treesariable.By deducting the initial
volume of trees by the present volume model calculeltesge in volume of all treeBuring
timber extraction, only mature trease targeted to be cut. Neverthe|es&n young trees and other

flora is being damage®arametealpha logging damagedenotes the proportion ahtargeted trees
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killed by extractiorf Based on this parameter it is possible to calculate what is theeclang
volume of both immature and mature trees out of the tdtahge in volume of all treeShe
changes in volumes of immature and mature trees are then subtracted from their initial values.
Variable volume of mature trees per hmovides feedback to th&overnment revenues from
managing forestnodulewhere it affects the amount of wood product made from one hectare of
forest.

Formulationof amount of harvested carbuanll be probably best described by presenting
the original equation from the sounceterial

H.(t) = fu % fu y CS;(t)
1—r T, x BEF

Figure 11. Formulation of harvested carbon (Sasaki et al., 2012)

Where in the model:

fm = fM fraction of mature treegariable

fn = fraction of trees cut per cycfgmrameter
r =illegal logging rateparameter

CS(t) =CS above biomass per btock

T¢ = cutting cycle timgarameter

= =/ 4 4 -4 -2

BEF =BEF biomass expansion factoparameter

For better clarity, each of the fraction in the formulation is separated into individual
variabledH harvested carbon partandpart Il and then multiplied il harvested carbon complete
variable.Increasingcutting cycle timeor decreasindraction of trees cut per cychsill decrease
amount of harvested carbon and increase the carbon &fdclagging motality represents the
amount of carbon lost due to logging damagjeange in aboveground carbon staslcalculated
as subtraction of harvested and lost carbon from natural growth presemi#d agan annual

increment.

6 Name of this parameter resembles paramietgging wastepresented inGovernment revares from
managed forestodule but there is important distinctidrogging wasteepresents the amount of material wasted
during wood processing. For exampldpifging wastecoefficient is 0.5 it means out of 1 ton of cut trees only 0.5 ton
becomes woogroduct after processingogging damagen the other hand, can be understood as kind of collateral
damage representing proportion of trees not targeted for extraction but still killed by logging and skidding.
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Figure 12. SFD carbon and volume of trees

3.4. Timber demand andprice
Timber demand and price is one of the central modules in the model. It calculates supply

and demand of timber, its price and provides feedback on how many hectares of forest are going

to becleared for the demand to be satisfied.

3.4.1. Demand and supply
Timber demand and supply are characterized by two stdeksand for timbeandsupply

of timber Demand stock is increased inflow of demandavhich calculation | present later in this
secton. Supply of timbeiis increased bywo flows representing influx of timber from forest
clearing and from plantations or managed forest &atlow of supplys equal to thelemandor
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timber. The amount of timber drained from supply stocks denotes the amount of demand which is
being satisfied and no longer exists. Outflulfilled demands therefore equal to theutflow of
supply

The volume of timber determining the extent of clearing essed in variableolume to
clear. Thedemanded/olumeis equal to thenflow of demandlecreased by the amount of wood
coming from plantations or managed foré&at is happening only under condition if demand
decreased by supply is higher thagatie value ofreserves policyvhich is set to be 5% of the

whole demand-or better clarity, | present the equation here:

Volume to clear 4F (demand for timbei supply of timbér< -reserves policff HEN O

ELSE inflow of demand inflow from plantations ath managed forest

The result of this formulation isreation of small abundance of timber on the supply side.
If the condition would be simple deduction between demand and supply it would lead to a situation
when having even 1 cubic meter more on supplg gian on the demasdle the clearing of forest
woul d i mmediately stop until the demand woul dr
lead to extremely sharp but short drops in clearing which is unrealistic. It is reasonable to assume
that the timber extraction is being conduaiith some reserves policies in place to protect the
companies from shoterm shortages or underestimation of demand.

Clearing for timbeiis a flow representing outflow froforest landinto fallow land Its size
is dep@dent on the demand&dlume to cleaand amount ofolume of timber per ha his is the
point where estimation of volume of timber per hectare fgovernment revenues from clearing
module comes in place. This flow can operate only if there is availatdstfto cleari.e. if the

forest landis higherthan managetbrest

33



Figure 13. Supply and demand of timber

3.4.2. Historic demand

Estimation of historic demand serves as a starting point for calculation of future demand.
Normally, data on historic demand could be easily obtain based on existing records of domestic
imports and consumption and exports to foreign countNeserthelesswhencomparingthis
statistical informationwith actual historical loss of forest the data does not match. Given the
Cambodi ands high rates of i1l 1 egal |l oggi ng
deforestation statistics.

Historic forest lossis based on reabktatistics and represented byistorical loss
approximation 200@2014variable’ Forest to settlemestndagriculture land gagare outputs from
the base level of model and their sumontimber land demandenotes the amount of forest

clea