Modelling carbon stock in  oil palm using
system's approach

Bhawna Sharma
March, 2009



CourseTitle:

Level:

Course Duration:

Consortium partners:

GEM thesisnumber:

Geo-Information Science and Earth Observation
for Environmental Modelling and Management

Master of Science (Msc)
September 2007 - March 2009

University of Southampton (UK)

Lund University (Sweden)

University of Warsaw (Poland)

International Institute for Geo-Information Science
and Earth Observation (ITC) (The Netherlands)
2007- 20



Modelling carbon stock in oil palm using systenppr@ach

by

Bhawna Sharma

Thesis submitted to the International Institute@mo-information Science and
Earth Observation in partial fulfilment of the réeuments for the degree of Master

of Science in Geo-information Science and Earthe®lzion for Environmental
Modelling and Management

Thesis Assessment Board

Name Examiner 1: Prof. Dr. Ir. Alfred de Gier (Qbai

Name Examiner 2: Dr. Patrick van Laake

External Examiner: Prof. Dr. Katarzyna Dabrowskalinkska
Primary Supervisor: Dr. Iris van Duren

Second Supervisor: M.Sc. Valentijn Venus

pT<€ International Institute for Geo-Information Scierend Earth Observation
Enschede, The Netherlands



Disclaimer

Thisdocument describeswork undertaken as part of a programme of study at
the International Institute for Geo-information Science and Earth Observation.
All views and opinions expressed therein remain the sole responsibility of the
author, and do not necessarily represent those of the ingtitute.



Abstract

Oil palm is one of the most productive oilseedse Temand for products of oil
palm is increasing, thus more land is planted uwdgralm. Indonesia is the major
crude palm oil producing country with the highesbwgth in area under oil palm
plantations. However expansion of the plantationshe tropical forests and peat
lands has been a cause of concern. Literature sho@rdradicting values for carbon
stock of oil palm in comparison to forest; leavitig picture of carbon emissions
due to expansion of oil palm incomplete. This stadys to estimate carbon stock of
oil palm for the complete lifecycle of oil palm é&dor Riau province in Indonesia.
Field study was conducted in Riau province and mpatars such as height, age,
transpiration rate; photosynthetic rate, stomatahdcctance, and air and leaf
temperature were estimated. 90 samples were aadldot oil palm in mineral soil
and 60 samples were collected for peat soil. Priddtycmodel, TURC, was used to
estimate carbon stock of oil palm. Syahrinudin, $tenand Khalid published three
different allometric equations for oil palm that svalso used to estimate carbon
stock. The photosynthetic capacity in leaves ofpailm is found to decrease with
age of oil palm. Mean carbon stock estimated frddRT and allometric equation
of Khalid was found significantly close to eacheathThe estimated carbon stock is
approximately 40, 80, 140 and 170 tonnes per hedbgr methods of Henson,
Syahrinudin, Khalid and TURC for 25 years old oiklm, respectively. The
sensitivity analysis of TURC model showed TURC issinsensitive to incident
solar radiation, photosynthetic efficiency and fARAThe maintenance respiration
estimated by TURC was found unrealistic and thusyerestimated carbon stock
for mature oil palm. Carbon stock estimated frokaraktric equation of Syahrinudin
is found most accurate for the oil palm growingRiau province. The carbon stock
of the oil palm growing in the mineral soil was rhutigher in comparison to carbon
stock of the oil palm on peat soil.
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1. Introduction

‘Deforestation and burning for land clearance arege problems for the world in
terms of the carbon emissions. Indonesia is thel tlargest emitter, largely the
result of deforestation and peat fires.’

- Lord Nicholas Stern
Former chief economist of World Bank and
Climate Change Expert

Annual global emissions of carbon dioxide (@have grown from 21 to 38
gigatons (Gt) in last 34 years (1970-2000) and rdmumed to 77% of total
anthropogenic Green House Gas (GHG) emissions @& JPCC, 2007]. GHG
gases include water vapour, methane, carbon diatdenitrous oxide. CQOs the
most important green house gas as its concentregibighest in the atmosphere in
comparison to other GHG. GHG in the atmosphere itvapming infrared radiation
and make earth habitable by making it warm. Dum¢oeased anthropogenic GHG
emissions, increased warming of the earth is talitaxe. The average global
temperature has increased over 0.74 degree Calsitige last 100 years (1901-
2005) |PCC, 2007]. Though the number seems quite small kuintipact of the rise
of temperature is already visible. Increase in &me&l, decrease in glaciers,
increased incidences of flood and droughts, ine@ascidences of cyclones and
hurricanes are reported across the wo@ldvie 2007;Jager and Fergusqnl991;
Kondratyev and Cracknell1995; Lamby 1966; O'Neill and Oppenheimer2002;
Pittock 2005; UNEP and GRID-Ardenal2005]. If the temperature continues to
increase at a current trend, by the end of thisucgrihe temperature could rise to
more than 2 °CIPCC, 2007] and could lead to a devastating effect.

Carbon dioxide is one of the forms in which carlexists in atmosphere. Carbon
moves in its various forms between ocean, landh®acrust and atmosphere. This
exchange of carbon between ocean, land, atmosp@matecarth's crust is called
carbon cycle which is shown ifigure 1-1 The major stocks of carbon are
atmosphere, plants, soils, oceans and earth csusthawn in the carbon cycle.
Before human intervention, carbon cycle was in ldgiium. In Figure 1-1 if

emissions from burning fossil fuels and deforestatand land use change are
excluded, emissions are almost in equilibrium wfté assimilation of carbon. Due
to human intervention, equilibrium of carbon cyidegetting disrupted and carbon
dioxide concentration in atmosphere is increasibDgforestation contributes to




17.3% of the total Green House Gas (GHG) emissigREC, 2007]. Total
deforestation rate is estimated to be 13 milliootéwes per yeaFAO, 2007]. Such
high deforestation rate is alarming because foremtsesent a significant carbon
stock as it is estimated to be approximately 560 Tte annual uptake from
photosynthesis accounts for 10-20% of the totab@arstored in the atmosphere
[Sabing 2005]. Conversion of these forests into agrigelttand commercial
plantations is one of the major sources of, @Gtmosphere.
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Figure 1-1 Global Carbon Cycle showing pools andefuaf carbon in Petograms and
Petograms/year, respectively
(Source: http://www.globe.gov/fsl/eventsimages/CCdiagPrint.jpg).

Indonesia is the largest contributor of emissions tb deforestation and land use
change IHoughton 2003]. Indonesia has 100 million hectares ofitralpforests that
account for 10% of the global tropical fores®almer 2001; Sunderlin and
Resosudarmol1996]. Tropical forests have the highest carboaol both in plant
biomass and soil when compared to other forestst{abine 2005]. Deforestation
rate in Indonesia from 2000 to 2005 is 1.9 millibectares per year, highest in
South-east AsiaHAO, 2007]. The forest in Indonesia store approxinyatgls
million tonnes of carbon. Apart from carbon stookforest, peat soil of Indonesia




also store huge amount of carbon. Peat is formatidogead and decomposing plant
material that gets accumulated for many years énwater logged conditions. The
waterlogged conditions lack oxygen and thus, tlgamic material of plants do not
get decomposed and stores huge amount of cada@mitke et al.2008]. Due to
land use change and drainage of peat soil, thenmrgaatter of peat starts oxidizing
and release huge amounts of J@lirano et al, 2007]. Land use change and
drainage also makes peatland very prone to firedkdria et al, 2007]. Fires in
degraded peat land have become common in Indorlessome cases, plantation
owners set fire on clear felled peat swamp forstsurn the wood residues and to
drain the peat soijargeant2001;Zakaria et al, 2007]. In the fires on peat lands in
Indonesia between 1997 and 1998, estimated caghussions are 0.8 to 2.5 Gt
which accounts for 13 to 40% of the annual glokabon emissions from fossil
fuels [Jaenicke et a).2008;WWEF, 2007].

Deforestation in Indonesia is largely caused duexpansion of commercial oil
palm plantations Gasson 2003; Erwidodo and Astana?2004; Rhee et al. 2004;
Wakker 2004]. Crude Palm Oil (CPO) produced from oilmpdElaeis guineens)s
has the highest energy content amongst all othesilple sources of biodiesel and is
estimated to be 150 GJ/ha. This energy contenttis@s more than soybean and
approximately 3 times more thdatropha[RS 2008]. Oil palm is considered to be
the most productive oil crop as a single hectarsilgpalm can produce 6000 litres
of crude palm oil (CPO). Its nearest competitorybsan, has 3 to 8 times less
productivity [Wahid 2005]. It means oil palm would require much lémsd to
produce the same amount of oil than soybean. Dtigeke advantages, global palm
oil production increased by 55% in 5 years from 2®&® 2006 Fitzherbert et al.
2008] and thus, more land area is converted idtpadin plantations. Conversion of
forest to oil palm emits CQdue to loss of plant biomass, soil decompositiod an
increased fire incidences. However, since the ferksarea is converted to
plantations which is considered as 'alternativedpctive use' FWI/GFW, 2002],
some claims that carbon stock within oil palm issiderable and neutralizes the
emissions due to deforestatidrafnade and Bouille2005].

The carbon stock in oil palm tree has two major ponents: soil carbon and oll
palm standing biomass as shown in Figure 1-2. Rlyotbesis, respiration and
decomposition of organic materials are the maiwdlof the system. Emissions due
to deforestation is also included in this systenwdédneer it is excluded if the

expansion of oil palm takes place in wastelandnonan-forested land. Emissions
from palm oil production include emission due torrbog of fossil fuel while

transportation and producing electricity for vasomachineries used in palm oil
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mill. Increase in the demand of palm oil in marleectly influences the emissions
from oil palm plantations. Oil palm management etfehe emissions from oil palm
plantation system, for e.g. management choice ofibg the wood residues for site
preparation may lead to huge emissions from oimpplantation system. Policy
implementation like zero burn policy and RealizBgstainable Palm Oil Production
(RSPO) can affect oil palm management by enforcesgrictions on management
activities emitting huge amounts of carbon in theasphere. Policy restrictions
such as export taxes can also restrain the markkiead to decrease in demand.
Before aiming for reduced demand for palm oil, ¢h&x a need to know why oil
palm is so important to the world, when was itadiuced in Indonesia and why did
it expand so unsustainably.

Atmospheric Carbon

%
)
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Emission:

>

Emissions due to'
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< ; Palm oil production
Palm oil

Oil Palm Standing Kz:er:;elmc:;
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| Soil Carbon
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Figure 1-2 Carbon stocks and flows in the oil palantation system and external systems
affecting the plantation system

Importance of oil palm

Oil palm, Elaeis guineensjavas known to the world even in 3,000 B.C. In Bgyp
evidence of oil palm has been found in archaeoddgitigs. Fruits of oil palm
became an important part of the food for sailoreesiPortuguese discovered this




crop in West Africa in the 15th centurygn Gelder 2004]. As the nutritional value
of palm oil was realized, its consumption increaaed it was introduced in more
countries to meet the demand. Oil palm is nativeh® tropical region of West
African coast yan Gelder 2004]. There are two economically important prciduwf

oil palm: Crude Palm Qil (CPO) and Palm Kernel (i(KO). CPO is derived from
the red fruits of oil palm and it has equal amoafrgaturated (oleic) and unsaturated
(palmitic) fatty acid Casson 2003;van Geldey 2004]. Palm Kernel Oil (PKO) is
derived after crushing palm kernel and has 82%rated fatty acid (lauric acid).
The application of products of oil palm in industiis listed inrable 1-1

Table 1-1 Products of oil palm and its use in vasiondustries\jan Geldey 2004]

Oil palm product used Purpose
Food industry CPO (low cholesterol) Cooking oil and many morge
Soap and detergent industry PKO (lauric acid) Quick lathering
Cosmetics industry Oleochemical ingredients gf Easily absorbed by skin
CPO and PKO
Leather and textile industry | CPO Lubricant/ greasing and
softening leather
Metal industry CPO Rolling, polishing metals
Chemical industry CPO and PKO Paints, coatings
Energy industry CPO Biofuel

Oil palm in Indonesia: Historical development anggent status

The first oil palm plantations in Indonesia at antoercial scale were established by
Dutch colonial government in 191Cgsson 1999;van Geldey 2004]. After gaining
independence in 1945, these plantations were oviaye&tate government. The
optimum conditions for the growth of oil palm remgs humid tropical lowland
climate, evenly distributed rainfall throughout tywar with the mean of 2000 mm or
more and minimum temperature of 189@dll, 1987]. Location of Indonesia and its
climate made it a favourable place for oil palm vgfo Due to investment
opportunity by Indonesian government through aasist of World Bank, oil palm
plantations started to expand since 1968. Intaynatiinvestment opportunities in
Indonesia increased as it was cheap to grow oihpalindonesiallarson 1996].
Due to government intervention and World Bank a&ssie, smallholder estates
started to expand in 1979 whereas private estatganded after 1986C@asson
1999;Larson 1996;van Geldey 2004]. Due to low cost of palm oil productionear
under oil palm plantations increased by 36 timesveen mid 1960s and 1999.
Indonesian government aimed at outcompeting Madageid wanted to increase its
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share in palm oil production. To achieve it thepmwed of converting 7 million
hectares of forest land to plantations by the ehd997 [Casson 1999;Larson
1996]. Indonesia succeeded in 2005 and becomeatigest palm oil producing
country Falk, 2008].

Carbon stock in oil palm

The area of oil palm plantations has increased 260000 hectares in 1967 to 5.6
million hectares in 20099WI/GFW, 2002]. This has come at the cost of 20 million
of tropical forest and this loss continues at & raft 1.9 million hectare per year
[Erwidodo and Astana2004;FAO, 2007;FWI/GFW, 2002]. There are some studies
that claim that oil palm can store 4 times moreboarthan forest ecosystems
[Lamade and Bouillet2005]. However, some studies state that carbacksh oil
palm is much smaller than fores#&/\WF, 2008a]. Such contrasting results give an
insight into the errors and uncertainties involweith estimation of carbon stock
[DeFries et al. 2002;Hese et al.2005;Houghton et al.1999;Houghton 2003;Lu,
2006]. In tropical countries such as Indonesiaimeston of carbon can have a
possible uncertainty of +50 %1pughton 2003;Watson 2008]. For a clear picture
of carbon emissions from oil palm expansion, carstmtks within oil palm should
be estimated with accuracy.

For estimation of carbon stock in oil palm, firgbimass is estimated and then,
standard carbon content (%) in biomass is usedotwert it to carbon stock.
However, there are uncertainties in estimationiofrtass and carbon content in the
biomass. Henson [2004] has attempted to model paskegquestration in oil palm
and stated the high uncertainty in carbon contettié biomass of oil palm. The rate
of biomass production for the oil palm is gener#dlgen constant throughout the life
cycle of 25-30 yearsThenkabail et a).2004;WWF, 2008a]. According to National
GHG inventory of Indonesia, the annual biomass petdn of oil palm is 10.00
tonnes per hectard.gscq 2002]. Whereas another study by Wahid et al [2004
states that 'non-oil equivalent' biomass productiboil palm is over 44 tonnes per
hectare. However, constant biomass production nwdyba representative for the
whole life cycle. In order to model the carbon &tat oil palm accurately, it is
important to asses the rate of biomass productimurately. For the accurate
assessment of biomass production, it is importantbe familiar with the
physiological properties of oil palm.

Oil palm is a monocotyledonous perennial crop witlE3 photosynthetic pathway.
It is the most productive of all oil crops. If watdeficits are minimal, the yields of
oil palm are high becaus&phid 2004; 2005]:
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1) Its photosynthetic capacity is high,
2) At spacing of 130-150 palms per hectare, it attéitiscanopy cover by ‘%
to 6" year of planting.
3) By the 10" year, 96% of Photosynthetically Active RadiatidPAR) is
intercepted whereas the mean interception for thelavlife cycle of olil
palm is also quite high, i.e. 88%.
The photosynthetic activity of oil palm is quiteghibut respiration of oil palm is
also estimated to be much higher than the dicotyleds plants. The respiration is
higher because all the vegetative tissues (trunkirachises) are living and thus,
must be respiringQorley et al, 1971] unlike dicotyledonous that have non-living
secondary thickening. Thus, it could be that itkakp of CQ is much higher than
normal forest species but due to high respiratéta the net carbon stocks are much
less in comparison to carbon stocks in tropicaksts. However, in literature
considerable difference was found in the estimatesirbon stock in oil palm as can
be seen in Table 1-2. This difference in the carftoek could be due to difference
in the age of oil palm for which the carbon stoskrieasured. In some studies, it is
mentioned that the rate of carbon assimilation gkawith age of the oil palm crop.
Lasco [2002], Henson [1992] and Syahrinudin [2065}ered different age groups
but there was no in depth discussion of how cads®imilation changes throughout
the lifecycle of oil palm. It is important to knolow oil palm stores carbon and
how this rate changes with age.

Table 1-2 Estimates of carbon assimilation in alhpavailable in literature

Reference Parameter estimated

[Lamade and Bouille2005] CQ fixation = 26 tonnes/hectare/year
Estimates given by IOPRI*

[Lascq 2002] Carbon stock = 30 to 100 tonnes/hectare

[Syahrinudin 2005] Carbon stock = 10 to 60 tonnes/hectare

[Henson 1992] Carbon stock = 5 to 7 tonnes/hectare/year

*|OPRI: Indonesia Oil Palm Research Institute

Methods to estimate carbon stocks

Carbon stocks estimation in the field is done nyogttough biomass estimation. It
is established that carbon content of a tree isosinb0% of its oven dry
biomassBrown, 1997]. Biomass here is understood as the weidghthe tree
including both aboveground (trunk, fronds) and k&jmund organs (roots) in a
given area. Dry biomass is the weight of the tréieradrying it in oven at a
temperature of approximately 105 °Ge[ Gier 2003]. Due to difficulty of




measuring belowground biomass, most research feauseabove ground biomass
(AGB) [Brown and Lugp1984;Brown et al, 1991;Chave et al.2005;Lamade and
Bouillet, 2005; Lascq 2002; Ludang and Jaya2007; Michelsena et al. 2004;
Richards 2002]. There are different techniques availableneasure biomass which
can be broadly classified into two categories aswshin Table 1-3: a) Field based
methods, and b) remote sensing based methdds PO006]. Field based
measurements are the most accurate and majoritiieofvork done to calculate
carbon stocks are based on such methods. Remaiagéased measurements have
recently gained popularity due to easy repetitigenenore spatial coverage and
good correlation between biophysical parametersh(sts NDVI, fAPAR, etc.) and
spectral bandJramer et al, 1999;Lu, 2006].

Field based estimation of biomass generally involgetting the tree, determining
fresh and dry (oven dry at 105 °C) weight. Carbontent can also be accurately
measured by burning the dry matter and determitiiegweight of ash left after
burning. This method is called destructive method & impractical to implement
on trees or crops with a stem diameter of 30 cormore Hairiah et al, 2001]. As
oil palm reaches a height of 10m and a diametealafut 40 to 60 cm, it is
impractical to implement destructive method. AnotHeld based method to
estimate biomass is to use allometric equationwetkifor the same site or atleast
for the similar conditions. Allometric equationsadable in literature estimate wet
and dry biomass from parameters such as heightdemeter of trunk but for oil
palm generally height is used to estimate biomasss is because oil palm is
monocotyledonous and there is no secondary thiokein the trunk. It is believed
that the width of trunk of oil palm increases three years after planting but later
vertical growth predominatesHgnson 2006]. There are various allometric
equations available for oil palm based on heiglt age of plantations. However for
conditions comparable to Indonesia there were dhhge allometric equations
which are summarized in Table 1-4.

Field methods described above are impracticaltimase biomass for large oil palm
plantations. The cheapest and easiest method tb tmeeobjective of estimating
biomass for large plantations is to use the teagywbf remote sensing. The red and
near infrared bands of remote sensing images autaiiom satellites can derive
fraction of Absorbed Photosynthetically Active Raibn (fAPAR). fAPAR
measures the proportion of available radiationha specific photosynthetically
active wavelengths of the spectrum 0.4 - hYthat a canopy absorbs. This fAPAR
have linear relationship with the photosynthetiqamity. Moderate Resolution
Imaging Spectrometer (MODIS) is a sensor on boatelltes TERRA and AQUA.
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MODIS land science team provide 8 day compositedeofred fAPAR, MOD 15A.
It is one of the most widely used product.

Table 1-3 Technigues available for measuremenisoofiass

Technique Sub-classes Source
Field Destructive sampling de Gier 1989; 2003Ludang and Jaya
measurement 2007]

Allometric equations

Chave et al.2004;Chave et al.2005;de
Gier, 1989; 2003Ketterings et al.2001;
Woomer and Palpil998]

Remote sensing

based methods

Using high resolution images
(e.g. IKONOS)

(e.g. LANDSAT, SPOT)

Using low resolution images

2004]

[Thenkabail et a).2004]

Using medium resolution images [de Gier and Sakouhi995;WWEF, 2008a]

Léfsky et al.2005;Veroustraete et al.

Table 1-4 Allometric equations available for Malayand Indonesia

Source Equation X Site
[Syahrinudin | Total biomass(tonnes fip=682In(x)-367 | Age Loam to clay in
+ 2009] R?> = 0.99, p not available, density npt Sumatra, Indonesia
available
[Henson Mean standing biomass (tonnes ‘ha= | Age Malaysia
2003] 4 3
—(0.00020823]x )+(0.00015374|:|X )
—(0.011636]x2)+(7.3219*>§—6.3934
R?=0.85, p not available, density not availabje
[Khalid, Total fresh biomass (kg) Z25+ (197x x) Height 23 year old in
1999] R?= 0.96, p=0.001 density = 136 palms'ha (m) Malaysia

There are empirical models available that use fAP&Rinput to estimate Net
Primary Productivity Cramer et al. 1999;Ruimy et al. 1996;Ruimy et al. 1999].
Net Primary Productivity (NPP) can be defined he ttate of atmospheric carbon
uptake' Ruimy et al.1996]. NPP is measured by the two main processes:




1) Gross Primary Productivity (GPP): Rate of uptak€@% for the process of
photosynthesis. Photosynthesis consumes energgamnbines carbon and
water to form CHO compounds. These compounds form the plant tissues

2) Respiration (Ra): Rate of release of atmospheribara This process
breaks down CHD compounds to release energy, ,Gbd HO. Energy
released in this process is used by plants for tir@md maintenance of
plant tissues. Coand HO are released back in the atmosphere.

NPP is the difference between GPP and Respiratidrcan be estimated by models
using remote sensing data. However these models used mostly for
dicotyledonous plants and have not been studiechnfoic monocotyledonous C3
plants such as oil palm.

The models considered for this study were takemfeoreview study by Cramer et
al [1999]. Cramer et al [1999] divided the modeRlireating NPP into three
categories:

1) models that use remote sensing input,

2) models for seasonal biogeochemical fluxes,

3) models for seasonal biogeochemical fluxes and agigetstructure.

The models under consideration are the remote regisised models that included
CASA, GLO-PEM, SDBM, TURC and SiB2 as describedrable 1-5. Terrestrial
Uptake and Release of Carbon (TURC) was choserubea# three advantages:

1) It produces both GPP and Respiration as outpuken@ASA, SDBM that
give NPP directly. Thus, it would help in undersisny the process of
carbon uptake in a better way.

2) ltis the simplest model of all as it requires tga@rameters to estimate the
carbon uptake and still is widely used.

3) Its temporal resolution is 1 month and it is natafic to any ecosystem.

Table 1-5 Models reviewed for the study that usesate sensing as input
Source: Cramer et al. 1999]

Model Acronym Temporal resolution Output
CASA Carnagie Ames Stanford Approach 1 month NPP
GLO-PEM Global Production Efficiency Model 10 days GPP, Ra
SDBM Simple Diagnostic Biosphere Model 1 month NPP
TURC Terrestrial Uptake and Release of Carhon  1timon GPP, Ra
SiB2 Simple Interactive Biosphere Model 12 min GRR
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TURC model is a simplified set of mathematical s to estimate Net Primary
Productivity (NPP). System's approach is a wayepfesenting the model such that
its behaviour is more explicit. For example if TURE understood by system's
approach; the system that is modelled is tonnesadfon in oil palm plantation per
hectare. The carbon stock is the accumulation d? Nfer time. However, GPP and
respiration are the flows, i.e. the movement oboarinto the system or out of the
system. Apart from stocks and flows, there are ediovs that are constants or
external or internal factors affecting the flows. TURC, convertors for GPP would
be fAPAR and incoming solar radiation. Both theaetdrs are external and still
affect the system of carbon in oil palm. Howevemwertors or factors affecting the
flow of respiration would be biomass and tempematuhere biomass is an internal
factor and temperature is external. TURC can belgimepresented by the system
dynamics flow diagram with stocks and flows. Thenbyl of stocks and flows are
given in Table 1-6. In order to understand theeay& behaviour over time, system's
approach is very useful. The software such as SPE(Bystems Thinking for
Education and Research) provide a user-friendlgriate to build a model by
defining stocks and flows of the system.

Table 1-6 Symbols used in the system dynamics diagram and its definition in the TURC
model

Symbol Represent TURC definition
Stocks Carbon stock in oil palm
2~ Flow GPP and Respiration
(3 O L)
flow
O Convertor, i.e. components| fAPAR, incoming solar
Convertor modifying flows radiation, biomass,
temperature.

Research Objectives

The main objective of this study is to estimateboarstock in oil palm plantations
and to explore different methods to estimate cadtonk. Another minor objective
of this study is to compare the carbon stock irpalm growing on mineral and peat
soil.
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Specific Objectives

1) To assess the age related changes in photosynthetcity of leaves of oil
palm.

2) To estimate carbon stock in oil palm from availadlemetric equations
mentioned in Table 1-4.

3) To estimate carbon stock in oil palm by TURC.

4)  To assess the difference of carbon stock in oihpahen estimated from
allometric equations and by TURC.

5) To assess the sensitivity of input parametersifiemtodel TURC.

6) To validate the carbon stock estimated from foéfedent methods.

7) To assess the difference between carbon stock palmn growing on mineral
soil and peat soil.

Research Questions

Related to Objective 1
1. How does the photosynthetic capacity of leaves ghavith the age of oil
palm?

Related to Objective 2
2. What is the carbon stock in oil palm estimated fiafometric equations?

Related to Objective 3
3. What is the carbon stock in oil palm estimated D)RTC?

Related to Objective 4
4. Are the estimated carbon stocks estimated fronmetdc equations
different from carbon stock estimated by TURC?

Related to Objective 5
5. How sensitive is TURC to the various input paramsste

Related to Objective 6
6. Which is the most accurate method to estimate cesbmck in oil palm for
Riau province?

Related to Objective 7
7. Are the estimated carbon stocks in oil palm growsngmineral soil
different from estimated carbon stock in oil palrowging on peat soil?

Hypothesis

Research Question #4re the estimated carbon stocks estimated froomdtric
equations different from carbon stock estimated@BjRC? (p=0.05)
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Hypothesis 1
H,: Mean carbon stocks in the oil palm by four diéiet methods are equal.
H,: Mean carbon stocks in the oil palm by four diéietr methods are not equal.

Research Question Are the estimated carbon stocks in oil palm grayn
mineral soil different from estimated carbon statkil palm growing on peat soil?
(p=0.05)

H,: Carbon stock in the oil palm growing on minerail & equal to or less than the
carbon stock in the oil palm growing on peat soil.

H,: Carbon stock in the oil palm growing on minerail & more than the carbon
stock in the oil palm growing on peat soil.
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2. Study Area

Location

The study area chosen for this study is Riau pa®/in Sumatra island of Indonesia.
Its latitudinal and longitudinal extent is 1° S28630' N and 100° E to 103° 50' E,
respectively (Figure 2-1). Sumatra is the largglsind of Indonesia and sixth largest
in the world WWF, 2007]. Forest cover is approximately 20% of Suweraand
mass Hunderlin and Resosudarmt®96] and can be divided broadly into: lowland
forests and peat swamp forests. Sumatra has theritpapf existing oil palm
plantations of Indonesia, mainly located in foupypnces: North Sumatra, Riau,
South Sumatra and Jamtirjvidodo and Astana2004]. Riau was chosen as the
study area because the expansion was the highestgamall the provinces in
Indonesia Casson 2003] and also because of the good backgrouraseaallowing
comparison and better interpretation of resultswuR0st 65% of its forest cover in
last 25 years from 1982-200WWF, 2008a]. Out of this total forest lost, 29% was
replaced by industrial and 7.2 % by the smallholgiépalm plantations. The peat
swamp forests of Riau store 16.9 million tonnesafbon which is the highest in
Indonesia WWEF, 2008Db].

— —_—-—-—m—- - -
e5°E 100°E 105°E__ 'E 15°E 120°E 125°E 130°E 135°E 140°E
Riau

2007 Riau Forest Cover:
I Forest on peatland remaining 2007

Forest on non peatland remaining 2007
I Forest on peatland lost 1982-2007
Forest on non peatland lost 1982-2007

‘w’ga;ﬂ?{u';'

o N : Central Kalimantan

Figure 2-1 Location of Riau province and its forester for the year 2007
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Climate

The climate of Riau is tropical with dry (June tepfember) and rainy seasons
(October to May). The precipitation ranges from @@6 3000 mm per year with

approximately 160 days of rain. The average tentpmraremains around 28 °C

throughout the year with the minimum of 23°C to @4Thus, the climate of Riau is

very suitable for the growth of oil palm.

Land Use

Land use of Riau can be divided into: natural forpsipwood plantations, estate
plantations, small holder plantations, wasteland amter body. The area of the
various land use and its percentage is given ineTai.

Table 2-1 : Area in hectares and percentage odwariand cover found in Riau
(Source: WWF, Riau)

Land cover Area (hectares) Area (%
Acacia Plantation 1104078 10
Cleared land 260234 2
Natural forest 3618164 32
Oil palm plantations 1675698

Other land cover 1847751

Small holder oil palm plantations 488389 4
Wasteland 1195178 11
Water body 1002538 9
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3. Materialsand Methods

General methodology

Simplified methodology followed to achieve the amssvto research questions laid
down in this study is shown in Figure 3-1. It comepd of both field sampling and

implementation of an empirical model in system dyitabased software, STELLA.

Every component of approach is discussed in detait in this chapter.

I Visit to BMG I

Existing data on
temperature,
and cloud cover

MODIS
fPAR
products

/

¥ v
Sampling oil Sampling oil
palm on peat palm on

soil mineral soil
Measurement Measurement
Height, Pn, C, Height, Pn, C,
E, Tair and E, Tair and
Tleaf Tleaf

Carbon stock
estimation
from allometric
equations

Research
Question 7

LEGEND
<> Decision
U/ Manual operation
[7 Data

[TT] Predefined Process

Carbon stock
from TURC
model

Research

Research

Carbon stock /
from allometric
equations

Question 4 Question 3

Research
Question 2

Sensitivity
analysis of

TURC in
STELLA

Relation of age
to

Research
Question 6

photosynthetic
capacity

Research
Question 5

Measured
carbon stock in
oil palm
(literature)

Research
Question 1

Figure 3-1 General approach to attain answersgogbearch questions

Field data

The oil palm plantations were divided into two &rahose growing on peat and on
mineral soil. For every age sampled in each stratl@nrepetitive samples were
taken in order to assess how the photosynthetiacigpvaries for the same soll,
same conditions, same location and same age. Eattagified random sampling
was planned though random sampling could not bdopeed because of the
following reasons:
a) Earlier it was planned to take samples from bigifalions companies. But
these companies were apprehensive to allow resesrctarbon stocks in
their premises. Thus, samples were taken from bisidir plantations. The
shapefiles of these plantations were not availablé thus random points
could not be established before going to the field.
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b) Access to smallholder plantations also was restticiTherefore, every
opportunity to enter an oil palm plantation wasetakDue to the good
contacts of WWF with various small holders in theaaand talking to
plantation owners it was possible to visit suffitigifferent farms with oil
palm of different age classes.

Thus the samples taken were representative of thelysmall holder plantations in
Riau province. Instead of a plot of a certain si&single tree was taken as sampling
unit as measurement of all parameters in a simgkewas taking a minimum of 15
minutes. Spacing between the oil palm trees wasddo be 9m X 8.5 m in the
field. The density of oil palm in Riau was foundiie 131 trees per hectare. The area
of the sampled plantations ranged from 0.5 to 1&amnes. Oil palm plantations on
peat soil were relatively young and no samples vieusad in the mature age, i.e.
between 21-25 years. The total number of sampléscted is 150; 90 for the
mineral soil and 60 for the peat soil. The detaflshe sample are given in Table
3-1. The parameters that were measured in the diettlits purpose are given in
Table 3-2. Height was measured by meter tape andldotrees the dried fronds of
oil palm were used to measure height. Height waasted from the growing point
of oil palm which is at the top of the stem. Foderl palms, standard method to
measure height is to measure distance from groarftbhd 33 as it can be easily
located. Though frond 33 may likely to fall belowowing point and thus, may
underestimate the heighti¢nson 2006]. The plantation owners shared that true
height is the distance from ground to frond 17. §hli the height measurements for
this study were taken as a distance from grouricbtal 17.

This study aimed to assess the age related chamgjess photosynthetic capacity of
leaves of oil palm. Three parameters characteripihgtosynthetic capacity were
measured in the field, namely: photosynthetic ra@matal conductance and
transpiration rate. Photosynthetic rate is the witk which carbon is assimilated in
the plants. Stomatal conductance determines 'rhtdiffusion of CQ into the
intercellular air spaces of leaves' and is lineajated to the photosynthetic
capacity Henson 1991]. Transpiration rate here is defined the aitloss of water
vapour through stomata. As transpiration rate $ alependant on stomata, it is
always associated with diffusion of GQdor photosynthesis. CI-340 portable
photosynthesis system was used to measure phdbesigntrate, stomatal
conductance and transpiration rate. All these patars were estimated per square
meter of leaf area by CI-340. CI-340 has O gas analyzer to measure
photosynthetic rate, stomatal conductance andphnat®n rate along with PAR, air
and leaf temperature. The specification of thesdyaners and sensors are given in
Table 3-3. Due to high sensitivity of the PAR sertsovariability of light conditions
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and high cloud cover during the fieldwork perioéliable data on PAR could not be
collected.

Table 3-1 Age and total number of the samples tédethe two stratum

np

Sub-strata Strata
Mineral Soil Peat Soll
Age sampled| No. of samples  Age sampled No. oflesr
Young stage (1-3 years) 2 10 2,3 20
. 30
Intermediate stage (4-10 years) 4,6,10 8,9 20
Productive stage (11-20 years) 11,15,17 30 12,18 20
Mature stage (21-25) 22,24 20
Total no. of samples 90 60
Table 3-2 Parameters estimated in the field fopaiin
S.No. Parameters Purpose Research
Question
1 Age Biomass estimation from allometric equatiorResearch
Question 2
2 Height Biomass estimation from allometric equatjoResearch
Question 2
3 Photosynthetically Active | Extra dataset
Radiation (PAR)
4 Air temperature Extra dataset
5. Photosynthetic rate To assess age related changes in Research
photosynthetic capacity of leaves of oil palpQuestion 1
6. Leaf temperature Extra dataset
7. Leaf stomatal conductancel To assess age related changes in Research
photosynthetic capacity of leaves of oil palnQuestion 1
8. Transpiration rate To assess age related changes in Research
photosynthetic capacity of leaves of oil palprQuestion 1
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Table 3-3 Specifications of CI-340 portable photdbgsis system Sourc€iD Inc., 2005]

S.No. Type Sensor Accuracy Range
1. Stable analyzer for Low power +2 %
accurate C@and HO infrared detector
measurements
2. Highly stable analyzer | Humidity 2 % at10% RH | 0-100 %
for accurate kD sensitive and £3.5 % at 90% R.H.
measurements capacitor RH
3. PAR sensor Filtered GaAsP| 5 mmol m%* 0 ~ 2500
photodiode mmol m?s?!
4. Air temperature sensor Thermocouple +0.1°C ~8D °C
5. Leaf temperature senso Infrared +0.3 °C -BD=C

Method to assess age-related changes in photodimtiagacity of leaves of oil
palm

The data estimated in the field for photosynthette, transpiration rate and
stomatal conductance of leaves of oil palm in nahsoil was used for this analysis.
Out of the 90 samples taken for oil palm; only38rsamples these three parameters
could be estimated. This was mainly because th&ument CI-340 couldn't
stabilize for the rest of the 57 samples. The nedsothe inability of instrument to
stabilize could be attributed to high humidity &e tRelative Humidity (R.H.) in
Riau was always above 50%. The performance of Oli84ffected by humidity as
can be seen in Table 3-3 that its accuracy reduitbsincrease in R.H. The 10
samples for 4 year old palm were removed from aiglgs the height of palm in
this plantation was almost equal to 10 year oldpalim sampled in the field. The
inclusion of these samples would increase the Wiiathe data due to changing
conditions and thus were not used at all in thdyaiga Therefore, out of 33 samples
only 23 could be used finally. For these 23 samplescriptive statistics of the three
parameters were performed as given in the Table@uiliers were defined below
the lower flag and above the upper flag. By thitedon, 6 outliers were found for
Photosynthetic rate; 1 outlier for stomatal condnce and none for transpiration
rate. The data after removing outliers was regresgth age of oil palm plantation
to assess the relationship of age and the photestynicapacity of leaves of oil palm
which is represented by three parameters.
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Table 3-4 Descriptive statistics for photosynthetite, stomatal conductance and
transpiration rate

Parameters Lower flag| Siquartile | Median | % quartile Upper flag
Photosynthetic rate -135 -3.3 0.9 34 13.6
Stomatal conductance -146.6 70 99.7 214.4 431
Transpiration rate -0.9 0.6 0.8 1.7 3.2

Method to estimate carbon stock in oil palm frotomletric equations

The field data used here was also for oil palm inemal soil in order to avoid bias
due to difference in soil type. However, differemcelue to maintenance,
management and location could not be avoided. Talfemetric equations listed in
Table 1-4 were used to first estimate biomass efihpalm. Then the biomass was
converted to carbon stock by assuming the carbatenbin the biomass to be 45%
[Henson 2004]. One of the allometric equation used heifhoil palm plantation
whereas other two equations used age of oil palntation as an independent
variable to estimate biomass. For the equation tised height i.e. Khalid et al
[1999], each age had 10 estimates for biomass whiahaveraged to estimate the
mean biomass. The biomass estimated from Khalial §999] was estimated in
kg/tree whereas the rest were estimated in toneetsite. The carbon estimated by
Khalid et al [1999] was thus, converted to tonnestare by assuming the tree
density of 131 trees/hectare (as discovered whalmpding in the field). The
equation applied to convert kg/tree to tonnes/medtaas follows:

Biomass(kg/tree) x131(trees hectarg

Biomass(tonne hectarg = 1000(kg/ton)
g/ton

Terrestrial Uptake and Release of Carbon (TURC)

It is essential to know the model TURC before dbstyg the data required for the
study. TURC is a remote sensing based model tomawti the Net Primary
Productivity (NPP) of vegetation. This model makesattempt to estimate NPP as
simply as possible without need of calibrationcdtculates NPP as a difference of
GPP and respiration where:

1. GPPis dependent on incoming solar radiation, fAPAR photosynthetic
efficiency.

2. Respiration is divided into two components: maiatge respiration and
growth respiration. Maintenance respirationis dependent on air
temperature and biomas&rowth respirationis dependent on carbon
available for growth.
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GPP is calculated byquation 3.1
Pg=¢gx fxSxc
Py = Gross Primary Productivity in tonnes (C) perthse per annum
¢ = Photosynthetic efficiency tonnes (C) perdfllight energy
S = Incoming Solar Radiation MJ per hectare peuann
f = fraction of radiation absorbed by canopy (reene¢nsing derived product)
¢ = ratio of incident PAR to incident solar radsti
Maintenance respiration calculatedbguation 3.2

M :iz (Mzo,ix(x’r(yx'r))) x W

Where,

M = Maintenance Respiration in tonnes per hectareapnum

Mo i= Maintenance respiration coefficient at 20 °Canrtes per ton (dry matter)
per hectare

X, Y = constants explaining dependence of maintemaespiration on temperature.
T = Air temperature in °C

W = Biomass in tonnes (dry matter) per hectare

i = various parts of oil palm (roots, leaflets, rtky petioles and rachises, fruit
bunches

Growth respiration is calculated Bguation 3.3
G=g(Py-M)
G = Growth respiration in tonnes per hectare pauen
g = growth coefficient
This model is implemented in the system dynamicsleh&TELLA 9.0.1(Systems
Thinking for Education and Research). This softweam be used for dynamic
modelling and is fairly easy to use. There wasnalsistock in the system, carbon
assimilating in the oil palm whereas there were fioas in the system (Figure 3-2):
1) Gross Primary Productivity: Flow adding to the @arlstock
2) Respiration: flow removing carbon from the stock
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Figure 3-2 Stocks and flows in the estimation aboa stock in oil palm by TURC

Meteorological data

Daily minimum, maximum and average temperature Pekanbaru station was
taken from the Meteorological and Geophysical Ageirc Jakarta. The average
temperature was found in the range of 23°C to 38f@ughout the year. The
temperature data is collected from September 260&ugust 2008 (Figure 3-3).
Data on cloud cover is also collected from BMG $sess the reliability of remote
sensing data.

Global solar radiation was taken from the NCEP/NC#&Rnalysis project available
free on the website http://www.cdc.noaa.gov. Naio@entre for Environmental
Prediction (NCEP) and National Centre for Atmosphétesearch (NCAR) have
global dataset on daily solar radiation flux fro@48 to the present. NCEP/NCAR
reanalysis project uses a global data assimilajstem and a spectral model. Solar
radiation flux was completely determined by the elodnd forced to remain as
close as possible to the observations in the degandation. Thus, daily data may
not be very reliable though annual variation of tla¢a contains useful information
[Kanamitsu et a).2002] The spatial resolution of the data is also quitarse, i.e.
2.5 degree. Unit of solar radiation data is Wattgzeiare meter (W/f From 1984
to 2008, annual averaged solar radiation flux wasrdoaded such that we had 25
raster images representative of the life cyclerobidpalm 25 years of age in 2008.
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Figure 3-3 Average temperature for Pekanbaru stétiom September 2007 to August 2008

MODIS data

Moderate Resolution Imaging Spectrometer (MODIS)vael product, MOD 15A,
8 day composites of fAPAR (fraction of Photosymitedly Active Radiation) was
used as an input variable in the model. 'fAPAR rmessthe proportion of available
radiation in the specific photosynthetically activavelengths of the spectrum 0.4 -
0.7 um that a canopy absorb&ryazikhin et al.1999;Steinberg and Goet2009].
MODIS land science team derives fAPAR by a can@ulyation model that requires
information on a) architecture of individual plaantd the entire canopy, b) optical
properties of vegetation and soil, and c) atmosphgroperties such as aerosol
optical thickness, etc. The information on canopycture and optical properties is
available in the Look Up Table (LUT) for the siobies classified in MODIS Land
Cover Product (MOD12). MOD12 is used as an inpuh#&canopy radiation model
and information for canopy is taken from LUT. Thedrlled canopy reflectance is
compared with the observed reflectance obtainedh ftbe MODIS reflectance
product values (MODO09). If the difference betweerodelled and observed
reflectance is lower than the uncertainities in theserved reflectances, then the
canopy structural values taken as an input arentalsepossible solution. fAPAR
values are the mean of all possible solution. Btte difference between modelled
and observed reflectance is higher than the urnnoéi®s in the observed
reflectances, then backup algorithm is used toutatie the fAPAR valuesF(gure
3-4). Backup algorithm uses biome specific non-linedationship between NDVI
(Normalized Difference Vegetation Index) and fAPAR.
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Figure 3-4 Input and algorithm used to calculateDMTBA product

Quality check of input data

The input data taken from the remote sensing reduiguality check as
meteorological data showed that all the days frapt&nber 2007 to August 2008
had cloud cover raging from 50 % to 100 %. In 3@y approximately 110 days
had 100% cloud cover. If the clouds are presenblpm in remote sensing data due
to atmospheric attenuation is even higher. Thuapte sensing data should be used
with great caution. There are two remote sensirgpthanput data in this study: a)
incoming solar radiation, and b) fAPAR. Quality ckeon incoming solar radiation
could not be performed due to lack of validatiortadand information on the
algorithm. In the source of incoming solar radiatidata, it is mentioned that
monthly or seasonal data may not be reliable bwrlyedata contains useful
information. Therefore the carbon stock is cal@adaber year in this study.
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Information on the algorithm to calculate fAPARMOD 15 product gives a useful
insight on the possible errors in the data. MOD3%2duto define the vegetation
characteristics for canopy radiation model canedéhtiate only in six biomes:
a)grass and cereal crops, b) shrubs, c) broadleascd) savannas, e) broadleaf
forests, and f) needle forests. Thus errors in fRP¥alues would be high for
landcover that do not have similar vegetation ottarésitcs to any of the six
biomes. Cloud cover add to the sources of erroruammtrtainty. MOD 15 product
also give useful information on the quality of theta in the layer FparLai_QC. This
layer contains 8 bit data with information on vasaspects of quality assigned with
each bitfields. Bitfields of the 8-bit quality coat data of MOD15 product is shown
in Figure 3-5. Table 3-5 contains descripion of tBéit data in the layer
FparLai_QC. Cloud state and algorithm used to dalefAPAR is studied in detail
to assess its affect on fAPAR values.

27 28 25 24 23 22 2! 2°

v v A v

Bits 5-7 Bits 3-4 Byte 2 Bits 0-1

Figure 3-5 Bit fields in 8-bit quality control daté MOD15 product

To assess the error in data, information on qualitgata was extracted along with
fAPAR values from the GPS points taken in the fifddd oil palm plantations. The
value in the QC_fPARLAI is in integer and thus, diée be converted to bit value to
get detailed information on the quality. Once coteet in bit, Table 3-5 was used to
see the detail on cloud state and algorithm usetkttive the fAPAR value for the
given date. Regression was performed for fAPAR esland cloud state (taken as a
dummy variable O-clouds present; 1-clouds not pr@de assess how clouds affect
the fAPAR values. Similarly, another regressionlgsia was performed between
fAPAR and SCF_QC (0-main algorith used; 1-back-lgmi@thm used). Figure 3-6
shows the steps followed to perform the analysisnFthe regression analysis, it
was established that slope of the linear trendimeegative for both cloud cover and
SCF_QC. The regression coefficients are given iblde-6. With regression
analysis, it can be claimed that cloud cover catiseslerived fAPAR values to be
lower. Similarly back-up algorithm also estimatewéy fAPAR values in
comparison to main algorithm derived fAPAR. It slibbe noted that this findings
are only applicable for oil palm plantations andyndffer with other land cover.
For this study area, 75% of the data was affeciedlbud cover and 70% of the
retrieved fAPAR values were calculated by back-lgm@thm, thus, it is expected
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that fAPAR values are lower than the actual fAPA&uUes. In order to overcome
that problem, descriptive statistics was perforrf@dthe data. ¥ quartile, median
and 3 quartile were plotted and for input in TURC (Fig8-7), 3 quartile is taken
as it would decrease the probability of the fAPA&ues to be affected by cloud and
thus, quality of the data is assured.

Table 3-5 Description of the bit fields in the MGbdjuality assessment definitions

Bitfields | Information Values Description
0-1 MODLAND 00 Best possible
(Overall quality) 01 OK, but not the best
10 Not produced, due to cloud
2 DEAD DETECTOR 0 Detectors OK for upto 50% channels
1 Detectors forced >50%
3-4 CLOUD STATE 00 Significant clouds not present
(Algorithm used) 01 Significant couds were present
10 Mixed cloud present on pixel
5-7 SCF_QC 000 Main algorithm used with best results
(Algorithm used) 001 Main algorithm used with saturation
010 Main algorithm failed due to geometry, Bagk-
up algorithm used
011 Main algorithm failed due to other reason,
Back-up algorithm used

Table 3-6 Regression analysis for different ageilgbalm plantations with fAPAR for n=42
and p=0.05

Regression coefficient Age of oil palm plantations
2 4 6 11 15 17 24

Slope for cloud state -0.25 | -0.3 | -0.21] -0.24 -0.36 -0.21 -0.24
Intercept for cloud state | 0.77 | 0.85 | 0.73| 0.75 0.88 0.42 0.75
R? for cloud stae 0.2 0.3 0.1 0.2 0.3 0.3 0.2
Slope for SCF_QC -0.43 | -0.41| -0.42 -0.43 -0.39 -0.15 -0.43
Intercept for SCF_QCe | 0.81 | 0.85| 0.79| 0.80 0.87 0.51 0.80
R? for SCF_QC 0.7 0.6 0.6 0.7 0.4 0.2 0.7
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Method to estimate carbon stock in oil palm by TURC

The inputs of the model are photosynthetic efficienfAPAR, incoming solar
radiation, ratio of incident PAR to incident radist (c), biomass, temperature,
maintenance respiration at 20°C and growth coeffici (Table 3-7). The
assumptions taken for the input data are as follows

1. The time period of the model is from 1984 to 2008, for the 25 years of oil
palm life cycle. But the air temperature data ifemted only from September
2007 to August 2008. This year value is assumdzktepresentative for the 25
years of oil palm lifecycle.

2. For constants such as ratio of incident PAR todent global radiation (c),
growth coefficient (g) and x, y (that define reteiship of maintenance
respiration with temperature) are taken from thiaulé values of TURC model.
These default values are assumed to be applicabtel fpalm.

Table 3-7 Input parameters required to run TURC

S.No.| Parameters Units Source

1 Photosynthetic efficiency tonnes (C) MJ [Henson 2003]

2 Incoming solar radiation MJ Hgear! http://www.cdc.noaa.go
3 fAPAR Ratio MOD 15A product

4 c as in Equation 3.1 Ratio R{iimy et al. 1996]

5 Maintenance coefficient at 20°C tonnes (CY't(ry matter) yeat | [Henson 1992]

6 X, y as in Equation 3.2 Constants Rufmy et al. 1996]

7 Biomass Tonnes Ha [Syahrinudin 2005]

8 Temperature °C Meteorological station
9 Growth respiration coefficient Constant RUimy et al. 1996]

The maintenance coefficient at 20 °C was taken faostudy by Henson [1992]. The

coefficient was given for leaflets, petioles, trum&ots and fruit separately, which

was added to represent total respiration coefficiethese coefficients were

measured for young oil palm at different temperduand then averaged to give a
value used in the model. Thus, the maintenancdiceeft taken for analysis was

not measured at 20 °C. Some of the input parameters not in the same unit as
required and thus was converted into the requireti The conversion factors are

mentioned in Table 3-8. The values after convergitmrequired units were used as
an input to the model TURC described above.
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Table 3-8 Conversion factors used to bring inpuapeeters of TURC to required units

Parameters Value given Unit required Conversiortdac
Photosynthetic efficiency 0.89 g (dry matter)MJ | tonnes (C) M3 4.5 X 10™
Solar radiation J st MJ ha' year! 3.15 X 16**
Biomass tonnes (dry matter)ha | tonnes (dry| -

matter) ha
Maintenance coefficient gt132 g (CQ) kg' (dry | tonnes (C) totl | 0.0995%*
20 °C matter) day (dry matter) yeat

* taking 45% as the value for carbon content in migtter
** 1 MJ = 1¢° Joules; 1 ha = fan'% 1 year = 3.15 X 10
** 1 ton = 10°g; 1 ton = 16kg; 1 year = 365 days; 1 g (& 0.27 g (C)

Method to compare carbon stock estimates from atamequations and TURC

The carbon estimates in oil palm from allometric&ipns were compared by two
statistical tests: one way Analysis of Variance (\WA) and two-tailed paired t-
test. ANOVA would reflect if the mean carbon stahkoughout the lifecycle of oil
palm is same for four different methods. The défere in paired values was taken
into consideration by paired t-test for each coratom of methods. Two
assumptions were made before applying ANOVA andepait-test and these
include:

a) Carbon estimated from all four methods is normdistributed.

b) Estimated carbon stocks from four methods havele@uences.

Method for sensitivity analysis of TURC

The parameters for which sensitivity of TURC isfpemed are listed in Table 3-9

along with their base values. The model output ¥ira$ generated for the base
values of all input parameters. Then each inpuampater was varied (taking the
base values for all other inputs) in a range of0%05of the base values, taking 10
successive intervals (£10%, +20%, +30%, +40% an@%p Each time the model

output is recorded, such that we have 10 outputedoh input. As there are 8 input
parameters for which sensitivity was performed,o8€puts were generated. Then,
for each input parameter, the sensitivity is cated by following equation:

Q)q _QB

Changen output(%) = ( ] x100%

B
Where,

Qxi: Output of model when x input variable is varigdi 86

Qg: Output of model when base values for all inputakdes are used
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Table 3-9 Input parameters and the base valuesinseasitivity analysis

S.No.| Parameters Base value

1 Photosynthetic efficiency 0.486 g (dry matteryJ

2 Incoming solar radiation 200 Jul*

3 fAPAR 0.66

4 ¢ as in Equation 3.1 0.5

5 Maintenance coefficient at 20°G  79.5 g (Fky* (dry matter) day*
6 Biomass 100 tonnes (dry matter)'ha

7 Temperature 27 °C

8 Growth respiration coefficient 0.4

* These values were converted to required unitgphang conversion factors in the
equations used to calculate GPP and respiration.

Method to validate carbon estimates by field measigants

Syahrinudin [2005] measured the carbon stock fot®,20 and 30 years old oil
palm in his Ph.D. thesis. He used destructive ntethaneasure carbon stock, i.e. he
harvested oil palm and then measured the dry weigtitcarbon content. His study
area was Jambi and North Sumatra provinces in Samialand. Since Riau
province, the study area for this study is alsoated in Sumatra island; the
measured values by Syahrinudin were taken as validalata to estimate the
accuracy of estimated carbon stocks by four diffemeethods. To determine the
accuracy, Root Mean Square Error (R.M.S.E.) wasutatled. Carbon estimated by
Khalid et al [1999] were not validated as the heggmples were not taken for 3, 20
and 30 years old and thus, no estimates were alailar these age classes. TURC
also estimated carbon stock from 1 to 25 yearstlamsi could be validated for only
3, 10 and 20 years.

Method to compare carbon estimates in oil palm gngvon mineral and peat soil

The carbon stock for this objective was estimatgdthe allometric equation of
Khalid et al [1999]. The other two allometric eqoas use age (mentioned in Table
1-4) and thus, can not differentiate between gpiés. The allometric equation from
Khalid et al [1999] used height to estimate biomasd the height measured in the
field showed variation due to difference in sojpay After estimating biomass from
Khalid et al in kg/tree, it was converted to tonrnesctare by taking palm density as
131 trees/ hectare. The biomass was convertedrboreastock by multiplying with
0.45 as carbon content in biomass of oil palm $siaeed to be 45%.
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4. Results

General results

The descriptive statistics for height of oil palmshown in Table 4-1. Height is
given in meters. Standard deviation was ranginmf@ol7 to 0.91 m. Standard error
was found high for 4, 6, 11, 15, 17 and 22 yeadspalm.

Table 4-1 Descriptive statistics for height of méllm growing on mineral soil in each age
sampled (n=10)

Sample statistics for

Age of oil palm plantation

height (m) 2 4 6| 10 11 1§ 17 22 24
Mean 0.95 333 1.61 3.03 534 551 721 7.25 8.09
Standard Deviation 0.17 0.63 0.38 025 089 0.5®10.0.27 0.70
Standard error 0.05| 0.0 0.12 008 0.28 018 029 009 0.22

Age-related changes in photosynthetic capacitga¥és of oil palm

The photosynthetic rate, stomatal conductance mamdpiration rate of leaves of oil
palm was found to have negative relationship wié as shown in Figure 4-Table

4-2 shows the output of regression analysis betweenathove-mentioned three
biophysical parameters and age of oil palm.

10 4

L 24

Photosynthetic rate (micromol/m2/s)

10

Age of oil palm
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Figure 4-1 Scatter plot for age of oil palm with Rotosynthetic rate , b) Leaf stomatal

conductance and c) Transpiration rate

Table 4-2 Regression analysis with age of oil pafd three parameters characterizing

photosynthetic capacity in leaves of oil palm (5).

Regression analysis of age with Slope Intercept| % R
Photosynthetic rate (n=18) -0.41 8.08 0.40
Leaf stomatal conductance (n=23) -6.55 223.41 0.29
Transpiration rate (n=22) -0.09 2.65 0.53




Estimation of carbon stock in oil palm from allomeequations

Carbon stocks estimated from allometric equationSyahrinudin (2005), Henson
(2003) and Khalid et al (1999) are given in Figdr2. From 10 to 11 years, a
sudden increase in carbon stock was seen forrak tilometric equations.
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Figure 4-2 Carbon stock in oil palm as estimatedhfallometric equations of Syahrinudin,
Henson and Khalid et al.

Estimation of carbon stock in oil palm by TURC

Carbon stock estimated by TURC is shown in Figu® @ong with the carbon

losses by respiration and carbon gains by GPP.dbastock increases almost
linearly from 1 to 25 years of age. Whereas, thédbaa losses and gains grows
almost exponentially till 2 years of age and thecréases slowly. There were two
sudden peaks and valleys starting froni" ¥®ar after planting. The drop in the
values of estimated carbon stocks was the lowesp@toximately 18 and 23 years.

180, —Cgains by GPP C losses by respiration = Carbon stock
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Figure 4-3 Estimated carbon stock, respiration@R& by TURC
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Comparison of carbon stock estimates from alloroetquations and TURC

Comparison of the mean of carbon stocks estimayethtee allometric equations
and TURC by Analysis of Variance test (ANOVA) isvgh in Table 4-3. F value
calculated for the test was higher than the Foalitand thus mean of one or more
pairs of estimated carbon stocks are not equal.pgaocison of the difference in the
estimated carbon stocks for all the four methodsevtested for every combination
by paired two tailed t-test. The output of the tistgiven in Table 4-4. If the
probability (p-value) of t-test value is higher thine level of significance, i.e. 0.05
then it means that there is enough evidence thathygpothesis is correct (i.e. the
mean difference in the estimated carbon stockHerttvo methods is equal to zero).
The paired t-test showed that estimated carbork dtgcTURC and Khalid et al,
1999 are significantly close to each other as waweral other combinations are
found statistically insignificant. The difference the estimated carbon stock by all
four methods is shown in Figure 4-4.
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Figure 4-4 Carbon stock estimated by TURC and filomee allometric equations

Table 4-3 One-way ANOVA test for estimated carbtmtis by four different methods

Source of Variation SS df MS F P-value F crit
Between methods 24435)4 7 4122.8 3124 0.p15 D 42
Within methods 34981. 24 1273.23
Total 59417.1 3]
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Table 4-4 Two-tailed paired t-test to compare estéd carbon in oil palm for every
combination of methods

Comparison of carbon stock estimates | Mean t-statistic | t-critical, two- p,two-
between methods difference tailed tailed
TURC and Syahrinudin, 2005 34 3.26 2.37 0.01
TURC and Henson, 2003 57 4.11 2.37 0.005
TURC and Khalid et al, 1999 -13 -1.43 2.37 0.19
Syahrinudin, 2005 and Henson, 2003 23 5.92 2.37 010.0
Syahrinudin, 2005 and Khalid et al, 1999  -47 -17.26| 2.37 <0.001
Henson, 2003 and Khalid et al, 1999 -70 -12.71 2.37 <0.001

Sensitivity analysis of TURC

Sensitivity analysis showed high sensitivity of TORo photosynthetic efficiency,
solar radiation, ratio of incident PAR to incidesttlar radiation (c) and fraction of
photosynthetically active radiation (fAPAR); mediursensitivity to growth
coefficient; and very low sensitivity to maintenanespiration at 20 °C (Rm20),
biomass and temperature as shown in Figure 4-5.
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Figure 4-5 Sensitivity analysis of TURC for all timput parameters

Validation of the carbon stock estimates by fie@haurements

The Root Mean Square Error (R.M.S.E.) was calcdldte carbon estimated by
TURC and from allometric equations by Syahrinudi(5] and Henson[2003]. The
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R.M.S.E is given in Table 4-5. The R.M.S.E is lefst carbon estimated from
Syahrinudin [2005] and highest for carbon estimétgd URC.

Table 4-5 Validation data and estimated carborkstdth associated Root Mean Square
Error (R.M.S.E.) for estimated carbon (Values inrtes per hectare)

Age of| Validation data Estimation by Estimation by| Estimation by | Estimation by
oil Syahrinudin Henson Khalid et al| TURC

palm [2005] [2003] [1999]

3 17 17 7 - 11

10 49 54 29 78 61

20 65 75 47 - 132

30 85 88 17 - -

R.M.S.E 6 37 - 54

Comparison of carbon stock estimates in oil palewgng on mineral and peat soil

The estimated carbon stock for each age sampled palm growing on peat and
mineral soil is shown in Table 4-6. For oil palmi years, mean carbon stock in
oil palm growing on mineral soil is less than meanbon stock in 9 years old oll
palm growing on peat soil. The mean of differenceestimated carbon stocks for
mineral soil and peat soil is compared by paireg tafled t-test. The null hypothesis
for the t-test is rejected which claims that carlsbock in oil palm growing on
mineral soil is equal to or less than carbon stiockil palm growing on peat soil.
The result of the paired t-test is summarized ibl@d-7.

Table 4-6 Mean and Standard Error (S.E.) of caiook estimated in tonnes/hectare for oil
palm growing on mineral and peat soil

Age for samples | Mean and S.E. of carbopnAge for samples in Carbon stock in peat
in mineral soil stock in mineral soil peat soil soil

2 54 +0.6 2 44 +0

4 81+23 3 49+0

6 61+14 8 71+1.0

10 78+0.9 9 90+14

11 105+ 3.3 12 89x19

17 127 +£3.3 18 89+45
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Table 4-7 One-tailed paired t-test to compare aagiock in oil palm growing on mineral
and peat soil

Values Units
Mean of the difference in carbon stock | 12.38 Tonnes/hectare
t-statistic 4.50
t-critical, one-tailed (df=59, p=0.05) 1.65
p, one-tailed < 0.005
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5. Discussion

Characteristics of height of oil palm

The descriptive statistics for samples of heigfiects a lot on the variation of the
height for the same age and same location. Thelatdrerror for height represents
standard deviation among sample means was foubé tugh for 4, 6, 11, 15, 17
and 22 years. This is explained by varying condgifor light, topography and soil
nutrient content as can be seen in the notes tedlda the field (Appendix 7). It
was observed in the field that slope varied a lghiw the same plantations. The
moisture content of soil also varied as some sasnplkere taken near the drainage
and ponds whereas for other samples, soil was. drier

Age-related changes in photosynthetic capacitga¥és of oil palm

This study reveals that photosynthetic capacitieaties of oil palm decreases with
age. The explanation of the decrease in photostatb@pacity with age was found
in the study by Henson [1991]. Henson found a deserén ratio of abaxial (upper
leaf surface) stomata to total stomatal number$ aie. Abaxial stomata were
found very rarely in the mature leaves of oil palHowever, stomatal density
increases till it reaches its peak by the end gpiraamately 2 years after planting.
The samples taken in the field does not cover @i below the age of 2 years
thus; the increase in photosynthetic capacity2tijlears could not be picked up in
the results of this study. Another finding of thedy by Henson revealed the bias in
the samples taken for this study. Henson foundelargriations in the stomatal
densities between fronds and between leaflets addingnd. This variation is larger
in mature palm than in younger palms. The leaft#tthe base of the frond have
much lower stomatal density than the leaflets &t &dpex. However during the
sampling of mature oil palms in this study, the ygdronds were not accessible and
leaflet sampled along a frond was also inconsistBimis, there is an expected bias
in the samples taken for this study. Figure 5-Iwghthe fronds and leaflets of oil
palm. However there is a need to know the stan@tardd and leaflet from which
measurements of physiological parameters shoutdkss for future studies. Suresh
and Nagamani [2006] studied variation of photosgtith rate and associated
parameters with age of oil palm fronds. They fouh& photosynthetic rate,
transpiration rate and stomatal conductance wasektgin the 9 frond and
progressively declines with age. However variata@inthese parameters between
leaflets of a frond was not discussed. Corley [1%taddied the productivity of oil
palm and in order to avoid bias in the samplegpb& samples from fronds 1, 9, 17,
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25 and 33 and from every 0eaflets on one side of the frond. He later avedag
these sample statistics to find an unbiased estmaf the productivity of oil palm.
Further studies to estimate photosynthetic capdoitjeaves of oil palm should
consider the bias in the samples if only one fremaneasured or should sample
more than one fronds representative of both yound ald fronds. Another
possibility of bias in the study is due to the heteneous management and other
environmental conditions. For future studies, aated variations in photosynthetic
capacity in leaves of oil palm should be measunethére homogeneous conditions.
It is also worth mentioning that in this study tlege related variation of
photosynthetic capacity is assessed at the leale.sd& a palm scale, the
photosynthetic capacity may increase until it reacits full canopy cover which is
attained by % to 6" years after planting under favourable conditionghid 2004].
At a stand scale, this variation may differ basedh® density of palm trees.

LN ‘
{ Leafletsalong
afrond

Figure 5-1 Fronds and leaflets along frond of dmpaim crop

Estimation of carbon stock in oil palm from allomeequations

The estimated carbon stock from the three allometguations is very different
from each other. Allometric equations by Syahrimudhd Henson estimate carbon
stock from age of plantations and thus the estichatrbon stocks are relatively
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closer to each other in comparison to estimatiomfiKhalid et al, 1999 that uses
height to estimate carbon stock. Estimation of earktock from allometric equation
by Khalid et al shows very high carbon stocks inung oil palm. This
overestimation of carbon stock for young age cdiddattributed to its formulation.
This allometric equation was formulated for 23 yedd stand of oil palm in
Malaysia and thus, may not accurately estimatecéinbon stock of younger stands.
Estimation of carbon stock from allometric equatlpn Henson uses a third order
polynomial equation and thus, Henson stated théllain standing biomass is
expected after 20 years. He attributed this deer@abiomass to the lower rate of
frond production, abscission of mature fronds, édowever, the estimation of
carbon stock in this study shows a decrease ahdrd8 years (Figure 4-2). Though
there is a gap of information from 18 to 22 yedtrss possible that between these
time steps, the carbon stock gets to its peak lzenl $tarts decreasing. Estimation of
carbon stock from Syahrinudin, 2005 uses a logaiittequation to estimate carbon
stock and thus, the carbon stock increases alimestrly till 10 years and after that
gets relatively flattened. All three allometricuadgions show a sudden increase from
10 to 11 years. The productive stage of oil palso attarts from 11 years, based on
the stages defined by Nordin [2002]. These stagesiefined based on the yield of
the plant. As the yield of the plant increases, enfsuit bunches are produced.
However equation by Syahrinudin was establishedcéwbon stock in crop, trunk,
root and litter and does not include the stockisuits. But still the increase from 10
to 11 is seen from carbon estimates by this metfibd. equations by Henson and
Khalid et al do not define whether stocks in frute included in the total carbon
stock estimated by equations. Thus, it could notdtablished whether the increase
in carbon stock from 10 to 11 years is due to iaseel fruit production.

The equations by Syahrinudin and Henson lack soogat information such as for
what density of oil palm, the equation was estallis The density in Riau province
is 131 palms per hectare. If these allometric éqoatare established for density
much higher or lower than 131 palms per hectaesdlequations are not applicable
for the study area. The equations established @hi@ydin and Henson estimate
carbon stock based on information of age of plamaflhus, these equations may
give very accurate results for the oil palm locatethe same conditions for which it
was established. But if these equations are apphigdantation growing in slightly
different conditions, it may give huge bias. Thiemletric equation by Khalid et al
uses height and thus, variation in conditions maydilected by height. Even in the
same plantations, different palm tree have diffeheight as can be seen in Table 4-
1 and thus, also the carbon stock. Thus it cansee more extensively than other
two equations based on age. However equation byiKkd al was developed
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specifically for 23 year old palm stand. Thus,afplication to assess carbon stock
for the whole lifecycle can lead to bias in thdreates for younger and older palm.

Therefore there is a need to establish an impralledhetric equation that estimates

carbon stock based on height and is establishedra&asuring palms of all age.

Estimation of carbon stock in oil palm by TURC

The estimated carbon stocks by TURC show linearease with age of oil palm.
The carbon gains due to GPP interestingly increagpdnentially till 2 years which
is expected as the stomatal density, one of therm@tants of photosynthetic
capacity increases till 2 years where it reachespéak. This trend is correctly
picked up by the model. But it doesn't show a sadderease between 10 and 11
years old as shown by other three methods. Theonddsses by respiration follow
the same trend as that of carbon gains by GPP. ddiisbe explained by the
formulation of the respiration in the model. Reapan is a sum of maintenance
respiration and growth respiration. Growth resjrats calculated by multiplying
growth coefficient with the difference between arbassimilated by GPP and
carbon lost by maintenance respiration. Therefthietrends in GPP are also seen in
respiration and the increase in carbon stock esalin

The GPP shows a sudden drop at approximately 122arnears. When this is traced
back to the input parameters, the fAPAR data shavasop at approximately 18
years and solar radiation data at 22 years. SirRe (S determined in TURC as a
product of these two parameters, both the drops wieked up in the output of the
model. The drop in fAPAR at 18 years is attributedhe bad quality of the data as
74% of the data was severely affected by cloudgherpixel. Most of the fAPAR
estimated by MODIS land science team for the Rias found to be calculated by
back-up algorithm which also reduces the qualitthefdata. Another possibility is a
mixed pixel as the samples are taken from smalbrgidantations which covered an
area of maximum 15 hectares however the spatialuisn of fAPAR data is 1 kfn
i.e. 1000 hectares. Therefore, there is a podyititiat landcover adjacent to the
plantations also affect the fAPAR value. However thiop in the solar radiation at
22 years could just be explained by the low qualftdata. This also reveals that the
errors in the input data propagate in the outpuhefmodel. The cloud cover is a
problem when remote sensing data is used. Chastmal [2008] recently used
airborne lidar sensor to estimate fAPAR and revkdiat lidar based estimates of
fAPAR is realistic. These estimates can be couplitd productivity models to see
whether they provide more realistic carbon stodiknegion. Lidar based estimates
have a clear advantage over MODIS land producABAR as Lidar is unaffected
by cloud cover. For areas such as Indonesia thet tlaud cover for all the days in
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a year, Lidar based fAPAR estimates may lead tororgment in the output of
productivity model.

Soil water deficit is one of the limiting factons the productivity of the oil palm as
it has C3 photosynthetic pathwayghid 2004]. The plants with C4 photosynthetic
pathway can adapt to drought conditions by closihgir stomata to reduce
transpiration rate. However, plants with C3 phottbkgtic pathway cannot adapt in
drought conditions and thus, soil moisture defioiign critically affect their
photosynthetic capacity. TURC does not use soiewdeficit to estimate GPP and
thus, may overestimate for dry areas where soilewateficits affects the
photosynthetic capacity of oil palm. However, sedter deficit is not such a big
problem in Riau but with increased incidences afudiht across the globe, it could
become an issue in coming years. Therefore modél asi GLO-PEM and SiB2 that
uses soil water to estimate GPP may provide besigmate for carbon stock of oil
palm especially in the water limiting conditions.

Comparison of carbon stock estimates from alloroetquations and TURC

ANOVA test reveals that mean of estimated carbonkst from one or more pair of
methods is not equal. The two tailed paired t-&wiws that mean of estimated
carbon stock by TURC and allometric equation by lichat al are significantly
equal as seen in Figure 4-4. However the estimaifazarbon stock by TURC for
oil palm below 10 years is much lower than the khat al. Since, allometric
equation by Khalid is expected to overestimateyfming oil palm; TURC is more
reliable in comparison to allometric equation byakt et al, for estimating carbon
stocks in oil palm younger than 23 years old. Nbeottwo methods produced
carbon stocks significantly close to each otheis Bigain reflects on the uncertainty
involved in estimating carbon stocks with differeméthods. TURC showed almost
a linear increase in carbon stock from 1 to 25 yeahereas the carbon stock
estimated by other three equations flattened weligtiduring the mature stage,
which is expected as the maintenance respirationotsestimated accurately in
TURC as discussed in detail in the sensitivitylgsia of TURC.

Sensitivity analysis of TURC

The input parameters that determine GPP are foandffect the output of the
model, the most. It is because GPP not only detezsthe inflow of the carbon
stock but also affects the growth respiration. €fame as fAPAR, incoming solar
radiation, photosynthetic efficiency and ratio n¢ident PAR to incoming radiation
increases, the estimated carbon stock also inceAliehe parameters determining
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maintenance respiration did not affect the outplittte model much as in

comparison to growth respiration, it was much lovirervalue. Thus, biomass,
temperature and maintenance respiration at 20 °@Gotlaffect the carbon stocks at
all. Overall the maintenance respiration in oil mpals not found significant

according to estimates by TURC. However this is raslistic as maintenance
respiration is a major component atleast for théumsaoil palm. Thus, it is expected
that the performance of TURC will not be good floe Estimation of carbon stocks
in mature oil palm. Coefficient for growth respioat also affects the model
significantly. With increase in the coefficient fgrowth respiration the value of
carbon stock decreases. This can be explainedebfath that coefficient for growth

respiration determines the growth respiration whsctihe outflow from the model.

Sensitivity analysis also provides insight into whauld be the possible errors in
the carbon stock estimates. Coefficient for grovehpiration is taken as default.
However if it is not applicable for oil palm, therers in the carbon estimates may
be huge as the output from the model is sensitivecdefficient for growth
respiration. Thus, more information on the coeéficti for growth respiration is
required to improve the output. Similarly fAPAR Jaoradiation and photosynthetic
efficiency are crucial for the model and shouldelor free to get a reliable output.
For this study, temperature for one year is comsiléo be representative for the 25
years of life cycle of oil palm. Even if it is nogpresentative, it does not affect the
output of the model. This reflects problem with thedel. If the impact of global
warming needs to be evaluated on productivity; TURRE@not be used.

Validation of the carbon stock estimates by fralgasurements

Since the measurements done by Syahrinudin [20054ken as validation data,
allometric equation by Syahrinudin (which was ekstled on the same dataset) is
found to be the most accurate. However, it caneaddnied that this method is only
accurate for estimation of carbon stocks in SumatfBURC is found to be
overestimating by approximately 60 tonnes per hlectehich is possible because
the quality of some of the main inputs in the madejuestionable like fAPAR and
incoming solar radiation. The errors in carbon ktestimated by TURC are more
for the mature age. As the oil palm matures thenteaance respiration in the plant
increases. However in TURC, maintenance respiradioes not affect the model
very much as found in sensitivity analysis. Thig, érror in estimated carbon stock
for mature age can be explained by the problentsdérmodel. Allometric equation
by Henson also overestimated by approximately 4hée per hectare which is
expected as the allometric equation was establigiredil palm in Malaysia. Since
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it is based on age of oil palm, it is expected todpce huge errors for oil palm
growing in different conditions, as discussed befor

Comparison of carbon stock estimates in oil palowgng on mineral and peat soil

The descriptive statistics of estimated carbonkstomil palm growing on mineral
and peat soil (Table 4-6) shows the carbon stoaklipalm of 10 years growing on
mineral soil is less than mean carbon stock in@&s/eld oil palm growing on peat
soil. However for all other combinations, carbowckt in oil palm growing on
mineral soil is more than mean carbon stock impalm growing on peat soil. The
decrease in carbon stock in oil palm of 10 yeaosvigrg on mineral soil could be
attributed to unfavourable conditions. From thédfiebservations, it is realized that
slope and soil moisture conditions vary a lot fog 10 year old oil palm on mineral
soil. However, one-tailed t-test shows that carlstotk in oil palm growing on
mineral soil is significantly higher than the camnb&tock in oil palm growing on peat
soil. The peat soils are unfavourable for the ghoeftoil palm due to water logged
conditions and thus unfavourable soil condition baraccounted for reduced carbon
stocks in oil palm. Cultivation on peat requireghhmaintenance due to extra efforts
of water drainage of the soiMpll, 1987]. Thus economically, growing oil palm on
peat soil may be far less profitable than growing mineral soil. However
expansion of oil palm on peat soll is still takiplgce and is a clear indication of bad
land use planning. The samples taken for peat smilld only be taken for
plantations younger than 18 years. This refledbted teplacing tropical peat swamp
forests is relatively recent in comparison to replaent of lowland forests.

Comparison of carbon stock estimates in oil palti fiorest

According to the allometric equation by Syahrinydihthe end of 25 years, carbon
stock of oil palm is 90 tonnes per hectare. Howetlee carbon stock of tropical
forest could be as high as 340 tonnes per hectarfeund by Ludang and Jaya
[Ludang and Jayg2007]. Therefore, total carbon stock in forestlimost four times
to that of oil palm.Therefore, replacing tropical forests with oil patan not be
justified. Expansion of oil palm should be carefiplanned. The oil palm plantation
is also considered a “biological desert” as it sapport only 15% of the species
recorded in primary foresBfown and Jacobsqr2005; Fitzherbert et al. 2008].
Strict regulations should be implemented to resexpansion of oil palm in tropical
forests.
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Mapping carbon stocks in oil palm with remote segsiata

McMorrow [2001] studied the possibility of estimagi age of oil palm stand from
radiance values of Landsat Thematic Mapper (TMpizel level. He found that
Infrared Index (IRI) of Landsat TM can be used $tiraate age of oil palm with the
Root mean square error (RMSE) of 0.58 years. Ptadlycmodel like TURC gives
an estimate of carbon stock for each age class amtiR.M.S.E. of 60 tonnes per
hectare. Models such as TURC can be coupled wi¢h study conducted by
McMorrow to map the carbon stock from the radiavakies of Landsat TM image.
But before using models like TURC, sensitivity aiséd should be performed to
understand the limitations of the model. Similabgfore using map produced from
this method in policy development, accuracy of soaps should be determined by
reliable validation data. Every model simplifie® treality and in this process, the
estimates of carbon stock provided from model cavehhuge deviation from the
real carbon stock. In such cases if the accuratiynates are not provided, poor
estimates can be used for important assessments.
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6. Conclusionsand Recommendations

The specific conclusions of this study can be surimed in the following points:

The photosynthetic capacity of leaves of oil pakeréases with age of oil
palm.

Total carbon stock (including trunk, fronds, frorxhses and roots)
estimated from allometric equations of Syahrinutienson and Khalid is
approximately 80, 43 and 140 tonnes per hecta?é gears, respectively.
Carbon stock estimated by TURC increases lineaithh wge and at 25
years, the carbon stock estimated is 170 tonnekgqutare.

Carbon stock estimated by TURC was found closestabon stock
estimated by Khalid et al, 1999.

No other method estimated carbon stock signifigaritise to each other.
TURC is most sensitive to four parameters: incomgudar radiation,
fAPAR, photosynthetic efficiency and ratio of ineitt PAR to incident
radiation

TURC overestimated the carbon stock for maturgaliin.

The estimation of maintenance respiration in TUR@at realistic.

The allometric equation by Syahrinudin is the nrediable to be used for
oil palm in conditions such as Riau province.

Carbon stocks in the mineral soil are more thancimdon stocks of oil
palm growing in peat soil.

Carbon stocks in oil palm estimated from allometequation by
Syahrinudin is four times less than the total carlsbock in tropical
forests.

Lastly, this study recognizes the limitation ofngsimodels to estimate the
real carbon stock and agrees with what is saidbby D. Stermarirector
of System Dynamics Group, MIT Sloan School of Maragnt: All models are
wrong but some are useful.’

The conclusions of the study are made after reeogmihe limitations in the study,
which are as follows:

Frond and leaflet along the frond sampled is nosigient for all samples.
For mature oil palm, young fronds were not accéssithe sampled
fronds were very old and thus, the estimated plyotbstic capacity in the
field may be underestimated.

Quality of fAPAR and incoming solar radiation am nery reliable.
Cloud cover and estimation of fAPAR by back up athon reduces the
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quality of fAPAR data. Incoming solar radiatioraisa spatial resolution of
2.5 degrees and fAPAR at 1 kand thus taking this data to model carbon
stock in oil palm plantation of 0.5 to 15 hectacas have huge errors.
Lack of reliable allometric equation to estimateboan stock in oil palm

for the Riau province.

There is a gap of crucial information for the alltnic equations and thus,
reliability of the carbon stock estimated in oilpdor the Riau province

by these equations cannot be stated with certainty.

The recommendations of the study are as follows:

Sampling of parameters characterizing photosyrthepacity should be
taken from more than one frond. The fronds sampédduld be
representative for both old and young fronds tactaas in the estimation
of photosynthetic capacity.

Leaflet along the frond that is sampled should besistent for all the
samples to avoid bias. Further research shouldobducted to find the
leaflet that represents the average photosyntlataracteristics in oil
palm.

There is a need to establish a reliable allomettjoation for oil palm
based on height that can capture the age-relatgativa in carbon stocks
throughout the lifecycle of oil palm.

The allometric equation should be published with the details of
plantation and environmental conditions for whicls iestablished.

The management conditions and other characterigtetsmay influence
the productivity of oil palm should be as similas possible for all the
samples. The age related changes can only beish&bif such biases are
avoided.

fAPAR is a very crucial input parameter in produityi models such as
TURC. However fAPAR derived from remote sensingadalways have
the possibility to be affected by cloud. Lidar smnsscan also be used to
estimate fAPAR. Lidar based estimates of fAPAR darprove the
accuracy of output of productivity models.

MOD215 product should be used with prior check enguality. If fAPAR
is derived from back-up algorithm, the quality oftal can be quite
unreliable.

Other productivity models should be tested forHartstudies to explore
their potential for estimating carbon stock ingalm.
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If only one method is used to estimate carbon stocke should be fully
aware of the limitations of the method. As it cam ¢een in this study,
different methods can give completely differentraates.

Accuracy of carbon stock estimates should be dstedd before any
further use. This avoids using poor estimatesrfgrdartant assessments.
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Appendices

Appendix 1 Oil palm of a) 2 years, b) 6 years, Z)y2ars old growing on mineral
soil and d) fruit bunches of oil palm ready to gahie palm oil mill
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Appendix 2: Quantitative yield (Litres/ha) and emecontent (GJ/ha) of various bio
fuels producing oil crops. Source: [RS, 2008]
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Appendix 3: CO2 emissions due to LUCF and withodCIF by top 10 emitting
countries.Source:http://earthtrends.wri.org/imalgg€JF_emissions.jpg
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Appendix 4: Production of Crude Palm Qil in thousaonnes by Indonesia and

Malaysia for 2004 to 2009. Source: [Falk, 2008]

Production (in 1000 tonnes)

25000 -

20000 -

15000 -

——o— Indonesia

——- Malaysia

10000

Oct-sept 04- Oct-sept 05- Oct-sept 06- Oct-sept 07- Oct-sept 08-
08

05

06

07

09

* Values for Oct-Sept 2008-09 are predicted

Appendix 5: Expansion of oil palm plantations frd®91 to 2002 in various

provinces of Indonesia. Source: [Casson, 2003]
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Appendix 6: Sampling sites for this study in Riaoynce of Sumatra, Indonesia
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