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ABSTRACT 
 

 

 

 

Recent methods for detailed and accurate biomass and carbon stock estimation are 

driven by advances in remote sensing technology. However, this method heavily relies on 

the availability of species and area dependent allometric equations, which has been long 

based on the destructive method. This study introduces a non-destructive laser-based 

approach for individual tree aboveground biomass estimation by developing a semi-

automatic approach of individual tree measurement using the collected point cloud. 

Biomass of individual trees was derived from tree parameters estimated using terrestrial 

laser scanner (TLS) data and assessed with field collected data. This study also improvised 

available allometric models for aboveground biomass estimation based on tree species and 

individual tree properties obtained from TLS. Point cloud for this study were generated 

using TLS (Riegl-VZ400) representing 118 random trees from 39 plots established in 

Royal Belum forest reserve in the state of Perak, Malaysia. Individual tree census was 

carried out to collect detailed primary tree attributes such as diameter at breast height and 

tree height. The scanning process using TLS was done to acquire point cloud in multiple 

positions to ensure good visibility of individual tree. Detailed tree measurement was 

carried out on the point cloud generated from TLS and the results were compared with the 

ground collected data. The volume of tree trunk is estimated based on cylinder model 

fitting on point cloud. The biomass of tree trunk is calculated by multiplying the volume 

with the species dependent wood density values. The biomass of branches and leaves were 

estimated based on the same concept and the point cloud were fitted with convex-hull 

approach. The estimated biomass from TLS was compared with the biomass estimated 

using existing allometric equations. Measurements of individual tree attributes from the 

point cloud produced diameter at breast height estimates with of 0.06 cm root mean square 

error with overestimation of 0.03cm. The root mean square error value for tree height and 

crown base height estimates is 7.10m and 4.31m with underestimation of 3.07m and 1.05m 

respectively.  In general, the estimated biomass of tree trunk shows strong correlation with 

biomass value obtained from the allometric equation with r value of 0.97. The estimated 

branch and leaves biomass show poor relationship with biomass estimated using existing 

allometric equations with r value of -0.12 and 0.24 respectively. The findings on species-

specific non-destructive laser-based approach suggests similar correlation pattern 

observed for biomass of stem, branches, leaves and total aboveground biomass of all tree 

species with mean of r value of 0.92, -0.12, 0.24 and 0.91 respectively. The proposed 

methodology and results obtained in this study allow generation of species-specific 

allometric equations in which suitable with LiDAR-derived variables for individual trees 

biomass estimation which is a promising alternative approach to the destructive method.  
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ABSTRAK 

 

 

 

 
Kaedah terkini bagi penganggaran biojisim dan stok karbon secara terperinci dan 

tepat telah didorong oleh kemajuan dalam teknologi penderiaan jauh. Walau 

bagaimanapun, kaedah ini banyak bergantung kepada kebolehsediaan persamaan 

allometrik yang bergantung kepada ketersediaan spesis dan kawasan, yang telah lama 

digunakan berdasarkan kaedah memusnah. Kajian ini memperkenalkan pendekatan tidak 

memusnah berasaskan laser untuk penganggaran biojisim atas tanah bagi setiap pokok 

dengan menghasilkan kaedah penganggaran pokok individu secara separa automatik 

menggunakan titik awan. Biojisim bagi setiap pokok telah diperolehi menggunakan 

penganggaran pemboleh ubah pokok yang dianggarkan menggunakan pengimbas laser 

darat (TLS) dan dinilai menggunakan data lapangan. Kajian ini juga menambahbaik model 

allometrik sedia ada untuk penganggaran biojisim atas tanah berdasarkan spesis tertentu 

dan ciri-ciri pokok individu yang diperoleh daripada TLS. Titik awan untuk kajian ini telah 

dijana menggunakan TLS (Riegl-VZ400) yang mewakili 118 pokok secara rawak 

daripada 39 plot di hutan simpan Royal Belum, Perak, Malaysia. Bancian pokok secara 

individu telah dilakukan untuk mengumpul ciri-ciri utama pokok iaitu garis pusat pada 

paras dada dan ketinggian pokok secara terperinci. Proses imbasan menggunakan TLS 

untuk mendapatkan titik awan telah dilakukan pada beberapa posisi untuk memastikan 

penglihatan yang baik terhadap setiap pokok. Pengukuran pokok secara terperinci 

dijalankan pada titik awan yang dijana oleh TLS dan hasilnya dibandingkan dengan data 

lapangan. Isipadu batang pokok dianggar berdasarkan pemasangan model silinder pada 

titik awan. Biojisim batang pokok dikira dengan mendarabkan isipadu dengan ketumpatan 

kayu yang bergantung kepada spesis. Anggaran biojisim dahan dan daun adalah 

berdasarkan konsep yang sama dan titik awan dipasang menggunakan pendekatan hul 

cembung. Biojisim yang dianggar menggunakan data TLS telah dibandingkan dengan 

nilai anggaran menggunakan persamaan allometrik yang sedia ada. Pengukuran sifat-sifat 

pokok daripada titik awan telah memberi anggaran garis pusat pada paras dada dengan 

nilai punca purata ralat kuasa dua bersamaan 0.06cm dan dengan lebihan anggaran 

sebanyak 0.03cm. Nilai punca purata ralat kuasa dua untuk anggaran ketinggian pokok 

dan ketinggian dasar mahkota adalah 7.10m dan 4.31m dengan bawah anggaran 3.07m 

dan 1.05m. Secara umumnya, anggaran biojisim batang pokok menunjukkan korelasi yang 

kukuh terhadap nilai biojisim daripada persamaan allometrik dengan nilai r bersamaan 

0.97. Anggaran biojisim dahan dan daun menunjukkan hubungkait yang lemah terhadap 

nilai biojisim persamaan allometrik dengan nilai r bersamaan -0.12 dan 0.24. Dapatan dari 

kaedah pendekatan laser tidak memusnah terhadap spesis tertentu menunjukkan corak 

hasil korelasi yang sama terhadap biojisim batang, dahan, daun dan keseluruhan biojisim 

atas tanah bagi setiap spesis dengan nilai purata r bersamaan 0.92, -0.12, 0.24 dan 0.91. 

Kaedah yang dicadang dan hasil daripada kajian ini membolehkan persamaan allometrik 

spesis khusus yang bersesuaian dengan pemboleh ubah daripada LiDAR digunakan untuk 

penganggaran biojisim pokok-pokok dan menjadi pendekatan alternatif kepada kaedah 

memusnah.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Background of study 

 

 

Forests area occupies thirty percent of terrestrial land surface with high 

biological diversity in which they shelter over two-thirds of known terrestrial species 

(WWF-Malaysia, 2013). It is hard to define a forest in few words in which when asked 

of it, most people will straightaway be thinking of trees. Forest is a whole lot more 

than just a large area full of trees, they are comprise of complex ecosystem of trees, 

animals and microorganism in which they help by providing habitats and food to 

maintain biodiversity (FAO, 2013). Amongst all types of forests, tropical rainforest is 

the most productive type of forest and rich in term of biodiversity as they provide home 

to variety of wildlife and tree species (WWF-Malaysia, 2013).  

 

 

Tropical forests lie in the equatorial region between tropics of cancer (23°N) 

and tropics of Capricorn (23°S), latitudes that receive constant sunlight throughout the 

year. According to Nix (2014), the global distribution of tropical rainforests can be 

divided into four realms which is the Neotropical, Afrotropical, Australian and 

Indomalayan as shown in Figure 1.1. The Neotropical realm includes the Amazon 
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River Basin, the largest continuous rainforest on earth. Afrotropical rainforest is 

mostly located in Congo River Basin and also some in western Africa characterized 

by dry and seasonal compared to other realm. Most of the Australian rainforest realm 

is located at New Guinea with only small portion in the northeast part of Australia. 

The remaining Asia’s tropical rainforest is in Indonesia, Malaysia, Cambodia and Laos 

known as the Indomalayan rainforest in which it is believed to be the oldest rainforest 

in the world (WWF-Malaysia, 2013). In tropical rainforest, trees can grow up 

incredibly tall as there is great competition to sunlight. Buttresses can be seen at the 

base of these huge trees to support their height and stabilize them in shallow forest 

soil. The structure of tropical rainforests are consists of several vertical layer which is 

the floor, shrub layer, understory, canopy and the overstorey (Butler, 2013b). 

 

 

 
Figure 1.1 Global distribution of Tropical Rainforest (Butler, 2013b) 

 

 

This study was conducted in Malaysia, one of the country listed as the world’s 

mega-diverse countries as it is ranked twelfth in the world on the National Biodiversity 

Index (The REDD Desk, 2012). Malaysia has experienced loss of forest area since 

1970s where the major factors are decentralised management of forest resources, 

reforestation, rapid expansion of industrial timber and palm oil industry. According to 

Butler (2013a), the released of high resolution Google forest map (Figure 1.2) have 

shown that Malaysia has the highest percentage of forest loss from 2000 to 2012. 

Planted trees or secondary forests unable to provide the same quality of primary forests 

in term of biodiversity, carbon sink and maintenance of ecological services in which 

showing that Malaysia suffered very extensive decrease of natural capital base.  
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Figure 1.2 Google forest map showing forest loss between 2000 to 2012  

(Butler, 2013a) 

 

 

The United Nation Reduced Emissions from Deforestation and Forest 

Degradation (REDD) programme has assigned financial value on the biomass and 

carbon stored in the forests in which has emphasised the importance of forests in 

carbon sequestration and mitigating climate change. Developing countries are given 

incentives based on the total land of their forested area (Parker et al., 2008). According 

to The REDD Desk (2012), Malaysia signed the UNFCCC in June 1992 and agreed to 

maintain at least 50 per cent of forest area and pledge to reduce 40 per cent of carbon 

from year 2005 to 2020. Malaysia also signed up to the Kyoto Protocol and take part 

as observer country to the REDD programme.  

 

 

Tropical rainforest capable of providing wide range of benefits mainly in 

ecological services. One of the most significant contributions is to encounter the issue 

of climate change by sequestering billions of tons of carbon. Forests canopies absorb 

carbon dioxide (CO2) from the atmosphere and store the carbon through 

photosynthesis process in their stem, branches, leaves and roots in which later 

deposited into soil carbon pool. As stated by FAO (2009), forest monitoring and 

management activities particularly in quantifying above-ground and below-ground 

biomass of trees are the essential input in climate change forecasting models. The 
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carbon stock and above-ground biomass terminology will be used interchangeably 

throughout this study as we acknowledge that biomass is typically 50 per cent of 

carbon (FAO, 2009). The role of forests in reducing carbon in the atmosphere has been 

highlighted in United Nations Framework Convention on Climate Change (UNFCCC) 

and Kyoto Protocol in which member countries are required to provide temporally and 

spatially fine-gained assessments of carbon stocks (Basuki et al., 2009).  

 

 

 Deforestation and forest degradation, specifically in the tropical regions 

contributes 12-20% of global green gases in the 1900s and early 2000s in which have 

reduced the future potential of carbon sink from forest area (Saatchi et al., 2011). 

Deforestation activity is one of the major source of carbon as the carbon are released 

to the atmosphere from the burning and clearing process. Even with only small 

increase in carbon sink into forest and soil may help in encountering the effect of 

human-induced carbon dioxide emission. The long term carbon exchange between 

terrestrial carbon pool and the atmosphere is influenced by changes of forests area and 

per hectare changes in forest biomass as a result of management and regrowth 

(Houghton, 2005).  

 

 

 
Figure 1.3 Greenhouse gases emission in 2000 by sources (Parker et al., 2008) 

 

 

 Billions of dollars will be spent as the compensation by REDD to the 

developing countries in preservation of their forested area. Considerable efforts have 

been done in quantifying and mapping the carbon stocks or above-ground biomass and 

one of the major challenge is the uncertainties and errors in the estimated biomass 

especially in tropics (Houghton, 2005). The effectiveness of REDD programme in 

above-ground biomass and carbon stocks mapping is depending on the quality of the 
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data. In the past, people normally estimates carbon or biomass by solely depending on 

the field measurements, a slow and labour intensive approach that highly anticipated 

with errors over large area due to sparse sampling. Traditional methods in acquiring 

forest parameters are time consuming and expensive to conduct. Besides, accurate 

measurements of biomass from individual trees are currently done through felling and 

weighing process in which are not practical in operational forestry (Kankare et al., 

2013a). Conventional method of allometric model development requires trees from 

various species and sizes to be cut down. Tree components (stem, branches and leaves) 

from felled trees are separated and weighed separately as individual components of 

tree biomass (Picard et al., 2012). This destructive approach is considered the most 

accurate methods for field measurement for the time being where it is used to calibrate 

carbon and biomass estimation using remote sensing technology.  

 

 

Recent methods for accurate carbon and biomass stock estimation have been 

driven by remote sensing technology. This remote sensing approach is supported by 

field measurements data where the biomass estimation is done by calibrating the 

measurement in the field with the remotely sensed data (Picard et al., 2012; FAO, 

2009) .The advancement in remote sensing have introduced laser scanning, a 

technology capable in describing the three dimensional forest structure from its high 

density point clouds data. Laser scanning technology is divided into two major 

platforms which is airborne and terrestrial. Airborne laser scanning capture the point 

clouds data from airplane providing a wide area coverage while terrestrial laser 

scanning is done on the ground placed on a tripod in which provides denser point 

clouds with labour- and cost effective accurate measurement that scales from single 

tree to plot level. Previous studies have shown that TLS capable in measuring several 

essential parameters in deriving individual stem volume and biomass estimation such 

as diameter at breast height, tree height, height to crown base, crown projection area, 

crown volume (Kankare et al., 2013a; Seidel et al., 2013; Hopkinson et al., 2004; Yao 

et al., 2011; Watt & Donoghue, 2005; Thies et al., 2004). Stem biomass contributes 

75-85% of total above-ground biomass in Boreal Forest Zone and therefore it must be 

measured accurately (Kankare et al., 2013a).  
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There are two approaches in estimating stem biomass of individual trees using 

TLS which is by (i) using existing allometric models (Seidel et al., 2013; Kankare et 

al., 2013a; Yao et al., 2011), and (ii) through direct volume to biomass conversion 

(Feliciano et al., 2014) . Allometric models is the study of relative size of plant parts 

and relationships between tree parameter such as diameter at breast height, tree height 

and tree species with total above-ground biomass. The models are highly affected by 

uncertainties and errors during the development. General models were normally 

developed to cope with multi-species and multi-site while some models are site-

specific in which supposedly able to provide better biomass estimation over the same 

forest environment (Seidel et al., 2013). The direct volume to biomass conversion can 

be done by multiplying volume of the stem with wood density as different tree species 

will have different density (Feliciano et al., 2014). The second method is more likely 

to produce a better estimation of stem biomass thus contributes to better estimation of 

total above-ground biomass.  

 

 

Many studies have been conducted using terrestrial laser scanning in tree 

measurements (Yao et al., 2011; Watt & Donoghue, 2005; Bucksch et al., 2009; 

Raumonen et al., 2013; Thies et al., 2004; Hopkinson et al., 2004) and pre-harvest 

biomass estimation (Kankare et al., 2013a; Seidel et al., 2013; Feliciano et al., 2014; 

Yao et al., 2011) to assess the accuracy and reliability of this technology in practical 

forestry. However, the use of terrestrial laser scanning in biomass estimation using 

volume to biomass conversion especially in tropical rainforest are still unclear. Further 

study and development should be focussing on applying this technology in complex 

forest structure of tropical rainforest and replacing the destructive conventional 

methods. The purpose of this study is to introduce a non-destructive laser-based 

method for above-ground biomass estimation of dominant tree species in Malaysia 

rainforest.  
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1.2 Problem Statement 

 

 

Measurement of biomass and carbon stock has become increasingly important 

especially one contributed by vegetation (Yao et al., 2011). Inevitably, large-scale 

estimation of carbon stock and biomass is heavily relied on the availability of 

allometric equation that allows estimation to be made accurately at individual tree 

level. However, the availability of local allometric equation is hindered by several 

factors including conventional approach in determining such equation, which usually 

based on a time consuming and expensive destructive sampling method (Singh et al., 

2011; Basuki et al., 2009; Ketterings et al., 2001). This further complicates by the fact 

that the equation is usually tree species, topographic and local climatic dependent 

(Chen et al., 2012; Næsset & Gobakken, 2008; Ni-Meister et al., 2010).  

 

 

Besides, allometric equation only employing several easy to measure tree 

parameters such as diameter at breast height, tree height and tree species (Chave et al., 

2014) which contain insufficient information from the crown structure. Crown 

biomass is assembled from combination of leaves and branch biomass (Kato et al., 

1978; Kankare et al., 2013a) where the parameters in describing the crown structure 

using conventional methods are time consuming and requires tremendous effort. 

Therefore, not enough attention were given on the crown biomass in which it is 

generally estimated using allometric equation in relationship with the stem biomass 

(Kato et al., 1978). Kankare et al., (2013a) have studied several biomass estimation 

models and one of the models does not employed information of crown structure and 

contributes errors for crown biomass during growing seasons in boreal zone. This 

crown size information might be considered as a source of error in crown biomass 

estimation in tropical rainforest with high density of crown structure throughout the 

year. Another method of converting volume of the stem directly to biomass supposed 

to give better estimation of biomass but still it requires destructive sampling.  

 

 

Recent methods for detailed and accurate carbon and biomass stock estimation 

over large area have been driven by remote sensing technology. However, indirect or 

inference methods from optical remote sensing and radar backscatter are regularly 

inaccurate due to shadowing effects (Gemmell, 1995) and signal saturation (Hamdan 
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et al., 2011). Nowadays, LiDAR-based remote sensing approach has been used 

effectively for detailed measurement of man-made and natural objects. The geometry 

of any object can easily reconstructed from point clouds and detailed measurement can 

be carried out on the object. Airborne and terrestrial LiDAR have been used to estimate 

above-ground biomass of vegetation at different scales and details (Yao et al., 2011; 

Hauglin et al., 2014; Lucas et al., 2006; Zhao et al., 2009). The scientific community 

has been exposed to significant increase in the availability of different global satellite 

data with various spatial and spectral resolutions. However, the use of these data is 

currently not supported by accurate field data in which most of allometric equations 

developed are based on easily measured tree parameter which is DBH (Brown et al., 

1989; Basuki et al., 2009; Chave et al., 2014; Kato et al., 1978).  

 

 

Terrestrial LiDAR have proven to be useful in providing detailed measurement 

of single tree, which is mostly required for development of allometric equation and 

estimation of individual tree above-ground biomass (Yao et al., 2011). Feliciano et al. 

(2014) have applied terrestrial LiDAR to measure stem volume at different height and 

quantify biomass of individual trees providing a non-destructive volume to biomass 

conversion method. Effort of utilizing terrestrial LiDAR for biomass estimation is still 

very limited and its advantage and limitation over tropical rainforest remain unclear. 

Challenge arise when using denser point cloud data from terrestrial LiDAR in tropical 

rainforest because the data is easily affected by noise and occlusion from overlapping 

emergent trees. Scanning position were configured to cope with the topography. 

Placement of scanning position also must consider the size of the tree because huge 

trees requires scanning distance of half the height of the tree according to the scan 

angle range of the scanner to cover the information of the crown structure. Therefore, 

all these factors must be thoroughly investigated to determine the effectiveness of 

terrestrial LiDAR in tropical rainforest. The purpose of this study is to evaluate the 

effectiveness of non-destructive laser based method for aboveground biomass 

estimation of dominant tree species in Malaysia rainforest. This is a novel method that 

combines detailed measurements of single tree with supplementary data of wood and 

leaf density in which so far has never been tested by previous studies. Development of 

terrestrial LiDAR technology and study in this field of research is crucial which 
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enables generation of a more effective and reliable ground data that could replace the 

conventional method. 

 

 

 

 

1.3 Research Objectives 

 

 

The aim of this research is to estimate the above-ground biomass using non-destructive 

laser scanning approach for selective tree species in Malaysia’s tropical rainforest. 

This aim is supported by several specific objectives: 

 

 

i) To develop a semi-automatic method of individual tree measurement based 

on detailed geometric reconstruction of different tree parts from point 

clouds. 

 

 

ii) To estimate individual tree total above-ground biomass based on TLS 

derived tree parameters and field collected data (i.e. tree species, wood 

density and leaf density). 

 

 

iii) To assess the estimated tree properties and biomass obtained from laser 

scanning method with field collected data and available allometric 

equation. 

 

 

iv) To improvise available allometric aboveground biomass models for 

aboveground biomass estimation based on tree species and individual tree 

properties obtained from TLS. 
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1.4  Research Questions 

 

 

i) To develop a semi-automatic method of individual tree measurement based 

on detailed geometric reconstruction of different tree parts from point 

clouds. 

 

 

a) How accurate the measurement of stem (eg. diameter at breast height 

and volume) based on cylinder fitting applied on the point clouds 

surface? 

b) How accurate the tree height measured from point clouds compared to 

the tree height derived from allometric models? 

 

 

ii) To estimate individual tree total above-ground biomass based on TLS 

derived tree parameters and field collected data (i.e. tree species, wood 

density and leaf density). 

 

 

a) Is it feasible to estimate branches and leaves biomass solely from TLS 

data? 

 

 

b) How much improvement does supplementary information from crown 

structure provides on TAGB estimation? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 

iii) To assess the estimated tree properties and biomass obtained from laser 

scanning method with field collected data and available allometric 

equation. 

 

 

a) How close is biomass estimated for every tree component from TLS in 

comparison with existing allometric model? 

 

b) How significant are the tree parameters (DBH, tree height, crown base 

height, stem volume, branches and leaves volume measured from TLS 

data) in biomass estimation? 

 

 

c) Does the size of the tree influence the accuracy of the measurements? 

 

 

iv) To improvise available allometric aboveground biomass models for 

aboveground biomass estimation based on individual tree properties 

obtained from TLS. 

 

 

a) What is the relationship between TLS estimated stem, branches and 

leaves volume with stem, branches and leaves biomass? 

 

 

b) What is the relationship between tree parameters estimated from TLS 

with TAGB? 

 

 

c) How much improvement does species-specific relationships 

contributes to regression models? 

 

 

 

 

 

 

 

 



12 

1.5 Significance of Study 

 

 

According to UN-REDD Programme (2009), Reducing emissions from 

Deforestation and Forest Degradation (REDD) is an effort to create a financial value 

for the carbon stored in forests. REDD offer incentives for developing countries to 

reduce emissions from forested lands and invest in low-carbon paths to sustainable 

developments. Malaysia have also prepared on the roadmap to REDD+ 

implementation consists of strategy, scope, financing and management structure 

(NRE, 2011). Detailed forest inventory and mensuration of individual trees for the 

purpose of biomass estimation have drawn attention of research society mainly to 

support sustainable forest management and global carbon sequestration. This study 

will utilize terrestrial laser scanning, a ground-based remote sensing technique that 

capable in retrieving three dimensional vegetation structure in high detail for 

aboveground biomass estimation. Traditional methods in acquiring forest parameters 

are time consuming and expensive to conduct. Accurate quantification of biomass 

from individual trees are currently done through felling and weighing process in which 

are not practical in operational forestry.  

 

 

This study is an effort to produce a non-destructive method for individual tree 

or plot-level biomass estimation. Through the reconstruction of the individual tree 

parts, tree parameters such as diameter at different level of height, tree height, height 

to crown base and stem volume can be computed digitally with high accuracy using 

dense terrestrial LiDAR point clouds. The measurement from TLS also include the 

crown metrics which is hard to measure in forest inventory and basically are modelled 

based on other easily measured tree parameters such as height and diameter at breast 

height. Direct measurement from TLS is expected to provide more effective tree 

measurement and biomass estimation in which will be investigated throughout this 

study. Multi-scan approach (Hauglin et al., 2014; Hopkinson et al., 2004; Kankare et 

al., 2013a) employed in this study will provide detailed datasets that can be used in 

tree components reconstruction to measure stem, branches and leaves volume directly 

from the point clouds, providing a geometrical approach of biomass estimation rather 

than depending on allometric equations (Yao et al., 2011).  
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This study will promote terrestrial laser scanning as a viable option for a fast 

and accurate aboveground biomass estimation compared to conventional methods. 

Local agencies such as Forest Research Institute of Malaysia (FRIM) which is actively 

involved with monitoring carbon changes in Peninsular Malaysia and Borneo region 

can get exposed to this kind of technology and utilize it in forest measurement. This 

study also capable in proving that TLS also can be used effectively in precision 

agriculture to effectively monitor growth of individual trees through temporal 

measurements of tree attributes in which is also currently researched by Malaysia 

Rubber Board (LGM). This technology will provide a non-destructive pre-harvest 

measurement and biomass estimation in determining the value of individual trees. 

Therefore, the output of this study which is the biomass estimation in the plot level 

using state-of-the-art terrestrial LiDAR technology can be seen as a future potential in 

replacing the destructive conventional methods for sustainable forest management in 

Malaysia rainforest. 

 

 

 

 

1.6 Scope of Study 

 

 

 This study is conducted in Royal Belum State Park located at 45 kilometers 

from Gerik, Perak in Malaysia. Primary data collected for this study is high density 

point clouds data generated from Riegl VZ400, a time-of-flight terrestrial laser scanner 

for 35 forest plots that includes various sizes of dominant trees and some parts of 

understory vegetation. However, trees from only several plots were used for this study 

due to manually intensive individual tree extraction and time constraint. This study is 

also based on biomass estimation on individual trees level not on stand-level 

measurement because this study is focusing on developing a tool for detail biomass 

estimation of individual trees in which the tool is still under development.  

 

 

Besides, this kind of study is still uncommon in tropical rainforest where most 

of the study and practical forestry works done by the local institutions such as Forest 

Research Institute of Malaysia (FRIM) are depending solely on utilizing the existing 

allometric models. The point clouds from different scanning position were registered 

into a relative projected coordinate system and not assigned into local coordinate 
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system because this study only focused on the tree measurements and development of 

biomass estimation model which does not require precise positioning of points to 

represents the real world. Every plots have radius of 12.6 meters, scanned with 4 

positions, which covers the centre and 3 edge locations of the forest plot with distance 

approximately 2 meters from the plot boundary. Each scanning position was selected 

based on the location of trees and the condition of the terrain. This multi-scan approach 

is the only way to cover any occluded trees from any scanning station and to get as 

much data as possible considering the gigantic size of trees, huge creepers twine over 

trees and topography of the surrounding area. Measurement is carried out on individual 

tree by separating it with neighboring and understory vegetation that may complicate 

the processing stage.  

 

 

Previous studies have shown that point cloud generated from terrestrial laser 

scanning can be used to retrieve several tree parameters such as tree height, height to 

crown base, diameter at breast height, trunk volume, crown projection area, crown 

volume, leaf area index. However, this study only focused on measuring the crucial 

parameters for biomass estimation which is diameter at breast height, tree height, 

height to crown base, stem volume, branches volume, leaves volume and crown 

volume. The selection of parameters is based on the previous studies on volume to 

biomass conversion and the available biometric data. The estimated stem volume is 

measured roughly using point cloud fitting method without any validation because 

validation can only be done by cutting down trees and measure every dimension of its 

stem in which have not been done anymore by any local institution or forestry 

department. Same goes to the estimated biomass in which the results can only be 

compared with the existing allometric models to see the reliability of this methods. 

Further study on this matter is required to assess the accuracy of the trunk volume 

measured from point clouds data that will contribute errors in the biomass estimation 

and to see how accurate biomass estimation using this method. 
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1.7 Description of Study Area 

 

 

 This study is carried out at the northern part of Peninsular Malaysia in Royal 

Belum State Park, Gerik in the state of Perak. The coordinate of the area is around 5º 

33’ 25.68” N and 101º38’29.41” E, located at 230km away from Ipoh and 430.5km 

from Kuala Lumpur. This area receiving 1998 to 2300mm of mean annual rainfall, 

varies throughout the year. Royal Belum State Park is considered as one of the World’s 

oldest rainforest which is believed to have been existence for more than 130 million 

years, older than the Amazon and the Congo. According to (WWF-Malaysia, 2013), 

Royal Belum State Park (RBSP) was gazetted as a protected area on 3 May 2007 under 

the Perak State Parks Corporation Enactment 2001. The park covers a total area of 

117,500ha in the most northerly region of the State of Perak in northern Peninsular 

Malaysia. RBSP lies between border of Thailand on the north, the state of Kelantan to 

the east and Sungai Gadong in the west. Royal Belum State Park consists of forest, 

grassland, abandoned agricultural plots, and a large man-made lake, Tasik Temenggor. 

Forest types found here are mainly lowland dipterocarp, hill dipterocarp and upper 

dipterocarp. The majority of species are characteristic of tropical rainforest in 

Peninsular Malaysia, Sumatra and Bornea such as Meranti and Keruing.  
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Figure 1.4 Map and Boundary (red boundary) of in Royal Belum Forest Reserve, 

Gerik, Perak, Malaysia  
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1.8 Thesis Outline 

 

 

 This thesis consists of five chapters in which each chapter are separated 

systematically to clearly show the significance of this study towards sustainable 

biomass estimation using state-of-the-art terrestrial laser scanner (TLS). Chapter 1 

contains sub-chapters that drive the initiative in conducting this research with 

background of study showing roles of aboveground biomass in carbon cycle modelling 

and the importance of accurate aboveground biomass estimation according to REDD 

Programme under United Nation. This chapter also stated the problem faced with 

conventional approach and previous study using TLS in tree measurements and 

aboveground biomass estimation. Objectives and research questions developed were 

also outlined in this thesis as a guideline throughout the study.  Significance of study 

discussed on the contributions of this study to knowledge on the usage of TLS in 

forestry applications particularly in aboveground biomass estimation. Furthermore, 

this sub-chapter discussed on potential local agencies that has shown interest in the use 

of TLS in forestry or agricultural in terms of accurate tree measurements and tree 

growth monitoring. Scope and limitation of this study also presented in this chapter to 

ensure that this study can be completed within proposed timeframe. 

 

 

 Chapter 2 summarizes reviews from relevant literatures in which this chapter 

discusses on the advancement of remote sensing technology particularly in forest 

biomass mapping and tree measurements from conventional method to satellite-based 

and to laser-based approach. This chapter also highlighted problems faced from the 

development of allometric equations from conventional method and also insufficient 

studies on using TLS for biomass estimation in tropical rainforest that will be partially 

fulfilled by this study. Chapter 3 are fully devoted to introduce datasets and several 

methodologies used in this study. Methodologies highlighted are plot configuration in 

the field, semi-automatic measurements of tree attributes from TLS point cloud data 

and volume-to-biomass conversion that derived the TLS-estimated individual tree 

aboveground biomass. Methods of validation were also discussed in which tree semi-

automatic tree measurements are validated using biometric data while aboveground 

biomass were validated using existing allometric equation (Kato et al., 1978) suited 

for the purpose of this study. 
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 Chapter 4 focusses on presenting and discussing the results from data 

processing outlined in Chapter 3. This chapter shows detailed results from data 

preparation in pre-processing phase in which includes point cloud registration, multi-

station adjustment, individual tree extraction, and separation of point clouds from 

different tree components. Distribution of tree sizes and tree species and number of 

trees involved in this study are shown in descriptive statistics. Besides, this chapter 

also discussed on the accuracy of tree measurements obtained from TLS in which most 

of the discussion is about the problems of tree height measured from TLS that causes 

from multi-layered trees that obstruct the laser pulses from reaching the tree tops. 

Crown base height (CBH) measurement are subjective to error due to absent of any 

markings on the tree at CBH position during data collection in the field. Diameter at 

breast height shows as the best tree attributes that can be derived from TLS. Volume 

estimation for each of tree components (stem, branches and leaves) were used in 

conversion into biomass through multiplication with wood and leaves density. 

Individual tree measurements and aboveground biomass estimation for every tree 

component were validated with biometric data and existing allometric model. Results 

obtained were used to develop general and species-specific allometric equations based 

on existing primary allometric equation. 

 

 

The results obtained shown in Chapter 4 are then used in Chapter 5 to answer 

all research questions thus proved that objectives from this study were successfully 

achieved. Chapter 5 also presented recommendation to improve current status of this 

study as continuation of this study is highly recommended due to the findings shows 

by this study which is biomass estimation and development of allometric equations in 

condition of tropical rainforest using TLS. The overall organization of this thesis is 

shown in Figure 1.5. 

 



19 

 
Figure 1.5 Schematic outline of the thesis 

 

Chapter 1 

Introduction 

Chapter 2 
Reviews on related studies and technological advances in remote 

sensing for aboveground biomass estimation 

Chapter 3 
Methological framework for semi-automatic tree measurements, 

aboveground biomass estimation and allometric model development using 

terrestrial laser scanner 

Chapter 4 
Results and discussion for individual tree measurements, individual tree 

aboveground biomass estimation and secondary allometric models derived 

from terrestrial laser scanner 

Chapter 5 
Conclusion and recommendations 



152 

References 

Addo-Fordjour, P. & Rahmad, Z.B. (2013). Mixed Species Allometric Models for 

Estimating above-Ground Liana Biomass in Tropical Primary and Secondary 

Forests, Ghana. ISRN Forestry. 2013. p.pp. 1–9. 

Akossou, A., Arzouma, S., Attakpa, E., Fonton, N. & Kokou, K. (2013). Scaling of 

Teak (Tectona grandis) Logs by the Xylometer Technique: Accuracy of Volume 

Equations and Influence of the Log Length. Diversity. 5 (1). p.pp. 99–113. 

Baltsavias, E.P. (1999). A comparision between photogrammetry and laser scanning. 

ISPRS Journal of Photogrammetry and Remote Sensing. 54. p.pp. 83–94. 

Bartuska, A. (2006). Why Biomass is Important -- The Role of the USDA Forest 

Service in Managing and Using Biomass for Energy and Other Uses. Energy. 

p.pp. 1–16. 

Basuki, T.M., van Laake, P.E., Skidmore, A.K. & Hussin, Y. a. (2009). Allometric 

equations for estimating the above-ground biomass in tropical lowland 

Dipterocarp forests. Forest Ecology and Management. 257 (8). p.pp. 1684–

1694. 

Breugel, M.V., Ransijn, J., Craven, D., Bongers, F. & Hall, J.S. (2011). Estimating 

carbon stock in secondary forests: Decisions and uncertainties associated with 

allometric biomass models. Forest Ecology and Management. 262 (8). p.pp. 

1648–1657. 

Brown, S. (1997). Estimating Biomass and Biomass Change of Tropical Forests: a 

Primer. FAO Forest. FAO - Food and Agriculture Organization of the United 

Nations Rome, 1997. 

Brown, S. (2002). Measuring carbon in forests: Current status and future challenges. 

Environmental Pollution. 116 (3). p.pp. 363–372. 

Brown, S., Gillespie, A. & Lugo, A. (1989). Biomass estimation methods for tropical 

forests with applications to forest inventory data. Forest Science. 35. p.pp. 881–

902. 

Bucksch, A. & Fleck, S. (2011). Automated Detection of Branch Dimensions in 

Woody Skeletons of Fruit Tree Canopies. Photogrammetric Engineering & 

Remote Sensing. 77 (3). p.pp. 229–240. 

Bucksch, A. & Lindenbergh, R. (2008). CAMPINO - A skeletonization method for 

point cloud processing. ISPRS Journal of Photogrammetry and Remote Sensing. 

63 (1). p.pp. 115–127. 

Bucksch, A., Lindenbergh, R. & Menenti, M. (2009). SkelTre - Fast skeletonization 

of imperfect point clouds of botanic trees. Eurographics/ACM Siggraph 3D 

Object Retrieval Workshop. p.pp. 13–20. 



153 

Burt, A., Disney, M.I., Raumonen, P., Armston, J., Calders, K. & Lewis, P. (2013). 

Rapid Characterisation of Forest Structure from TLS and 3D Modelling. Igarss. 

(128.197.168.195). p.pp. 3387–3390. 

Butler, R. (2013a). Malaysia has the world’s highest deforestation rate, reveals 

Google forest map. [Online]. 2013. Available from: 

http://news.mongabay.com/2013/1115-worlds-highest-deforestation-rate.html. 

[Accessed: 12 December 2014]. 

Butler, R. (2013b). Rainforests. [Online]. 2013. Available from: 

http://rainforests.mongabay.com/. [Accessed: 12 December 2014]. 

Butnor, J.R., Doolittle, J.A., Kress, L., Cohen, S. & Johnsen, K.H. (2001). Use of 

ground-penetrating radar to study tree roots in the southeastern United States. 

p.pp. 1269–1278. 

Capuzzo, J.P., Rossatto, D.R. & Franco, A.C. (2012). Differences in morphological 

and physiological leaf characteristics between Tabebuia aurea and T. 

impetiginosa is related to their typical habitats of occurrence. Acta Botanica 

Brasilica. 26. p.pp. 519–526. 

CCRS (2008). Passive and Active Sensing. [Online]. 2008. Available from: 

http://www.nrcan.gc.ca/earth-sciences/geomatics/satellite-imagery-air-

photos/satellite-imagery-products/educational-resources/14639. 

Chai, T. & Draxler, R.R. (2014). Root mean square error (RMSE) or mean absolute 

error (MAE)? -Arguments against avoiding RMSE in the literature. 

Geoscientific Model Development. 7 (2005). p.pp. 1247–1250. 

Chave, J. (2006). Measuring Wood Density for Tropical Forest Trees: A Field 

Manual. Lab. Evolution et Diversite Biologique, Universite Paul Sabatier, 

Toulouse, France. 

Chave, J., Andalo, C., Brown, S., Cairns, M. a., Chambers, J.Q., Eamus, D., Fölster, 

H., Fromard, F., Higuchi, N., Kira, T., Lescure, J.P., Nelson, B.W., Ogawa, H., 

Puig, H., Riéra, B. & Yamakura, T. (2005). Tree allometry and improved 

estimation of carbon stocks and balance in tropical forests. Oecologia. 145. 

p.pp. 87–99. 

Chave, J., Coomes, D., Jansen, S., Lewis, S.L., Swenson, N.G. & Zanne, A.E. 

(2009). Towards a worldwide wood economics spectrum. Ecology letters. 12 

(4). p.pp. 351–66. 

Chave, J., Réjou-Méchain, M., Búrquez, A., Chidumayo, E., Colgan, M.S., Delitti, 

W.B.C., Duque, A., Eid, T., Fearnside, P.M., Goodman, R.C., Henry, M., 

Martínez-Yrízar, A., Mugasha, W. a., Muller-Landau, H.C., Mencuccini, M., 

Nelson, B.W., Ngomanda, A., Nogueira, E.M., Ortiz-Malavassi, E., Pélissier, 

R., Ploton, P., Ryan, C.M., Saldarriaga, J.G. & Vieilledent, G. (2014). Improved 

allometric models to estimate the aboveground biomass of tropical trees. Global 

Change Biology. p.pp. 3177–3190. 



154 

Chen, Q., Vaglio Laurin, G., Battles, J.J. & Saah, D. (2012). Integration of airborne 

lidar and vegetation types derived from aerial photography for mapping 

aboveground live biomass. Remote Sensing of Environment. 121. p.pp. 108–

117. 

Colwell, J.E. (1974). Vegetation canopy reflectance. Remote Sensing of 

Environment. 3 (3). p.pp. 175–183. 

Couteron, P., Barbier, N., Proisy, C., Pélissier, R. & Vincent, G. (2012). Linking 

Remote-Sensing Information to Tropical Forest Structure: The Crucial Role of 

Modelling. [Online]. 2012. Available from: 

http://earthzine.org/2012/04/23/linking-remote-sensing-information-to-tropical-

forest-structure-the-crucial-role-of-modelling/. 

Cui, X., Guo, L., Chen, J., Chen, X. & Zhu, X. (2013). Estimating Tree-Root 

Biomass in Different Depths Using Ground-Penetrating Radar : Evidence from 

a Controlled Experiment. 51 (6). p.pp. 3410–3423. 

Dassot, M., Constant, T. & Fournier, M. (2011). The use of terrestrial LiDAR 

technology in forest science: Application fields, benefits and challenges. Annals 

of Forest Science. 68 (5). p.pp. 959–974. 

Edelsbrunner, H. (2010). Alpha Shapes - a Survey. Tessellations in the Sciences. 

p.pp. 1–25. 

Elias, M. & Potvin, C. (2003). Assessing inter- and intra-specific variation in trunk 

carbon concentration for 32 neotropical tree species. Canadian Journal of 

Forest Research. 33 (6). p.pp. 1039–1045. 

Englhart, S., Keuck, V. & Siegert, F. (2011). Aboveground biomass retrieval in 

tropical forests - The potential of combined X- and L-band SAR data use. 

Remote Sensing of Environment. 115 (5). p.pp. 1260–1271. 

Evans, J.D. (1996). Pearson’s correlation. In: Straightforward Statistics for the 

Behavioral Sciences. Brooks/Cole Publishing, Pacific Grove, California, USA., 

p. 122. 

Evans, J.S., Hudak, A.T., Faux, R. & Smith, A.M.S. (2009). Discrete return lidar in 

natural resources: Recommendations for project planning, data processing, and 

deliverables. Remote Sensing. 1 (4). p.pp. 776–794. 

FAO (2009). Assessment of the status of the development of the standards for the 

Terrestrial Essential Climate Variables: Biomass. GTOS 67, Food and 

Agriculture Organization of the United Nations (FAO), Rome. 

FAO (2013). Youth And United Nations Global Alliance Learning And Action Series: 

Forests Challenge Badge. Food and Agriculture Organization of the United 

Nations (FAO), Rome. 



155 

Feliciano, E. a., Wdowinski, S. & Potts, M.D. (2014). Assessing Mangrove Above-

Ground Biomass and Structure using Terrestrial Laser Scanning: A Case Study 

in the Everglades National Park. Wetlands. 34 (5). p.pp. 955–968. 

Fernández-Sarría, a., Martínez, L., Velázquez-Martí, B., Sajdak, M., Estornell, J. & 

Recio, J. a. (2013a). Different methodologies for calculating crown volumes of 

Platanus hispanica trees using terrestrial laser scanner and a comparison with 

classical dendrometric measurements. Computers and Electronics in 

Agriculture. 90. p.pp. 176–185. 

Fernández-Sarría, a., Velázquez-Martí, B., Sajdak, M., Martínez, L. & Estornell, J. 

(2013b). Residual biomass calculation from individual tree architecture using 

terrestrial laser scanner and ground-level measurements. Computers and 

Electronics in Agriculture. 93. p.pp. 90–97. 

Foody, G.M., Boyd, D.S. & Cutler, M.E.J. (2003). Predictive relations of tropical 

forest biomass from Landsat TM data and their transferability between regions. 

Remote Sensing of Environment. 85. p.pp. 463–474. 

Gemmell, F.M. (1995). Effects of Forest Cover, Terrain, and Scale on Timber 

Volume Estimation With Thematic Mapper Data in a Rocky-Mountain Site. 

Remote Sensing of Environment. 51 (March 1994). p.pp. 291–305. 

Goetz, S.J., Baccini, A., Laporte, N.T., Johns, T., Walker, W., Kellndorfer, J., 

Houghton, R. a & Sun, M. (2009). Mapping and monitoring carbon stocks with 

satellite observations: a comparison of methods. Carbon balance and 

management. 4. p.p. 2. 

Gorte, B. & Pfeifer, N. (2004). Structuring laser-scanned trees using 3D 

mathematical morphology. International Archives of Photogrammetry and 

Remote Sensing. 35. p.pp. 929–933. 

Hamdan, O., Aziz, H.K. & Abd Rahman, K. (2011). Remotely Sensed L-Band SAR 

Data for Tropical Forest Biomass Estimation. Journal of Tropical Forest 

Science. 23 (3). p.pp. 318–327. 

Hanus, M.L., Hann, D.W. & Marshall, D.D. (2000). Predicting Height to Crown 

Base for Undamaged and Damaged Trees in Southwest Oregon. Forestry. 

Hauglin, M., Gobakken, T., Astrup, R., Ene, L. & Næsset, E. (2014). Estimating 

single-tree crown biomass of norway spruce by airborne laser scanning: A 

comparison of methods with and without the use of terrestrial laser scanning to 

obtain the ground reference data. Forests. 5. p.pp. 384–403. 

He, Q., Chen, E., An, R. & Li, Y. (2013). Above-ground biomass and biomass 

components estimation using LiDAR data in a coniferous forest. Forests. 4. 

p.pp. 984–1002. 



156 

Hopkinson, C., Chasmer, L., Young-Pow, C. & Treitz, P. (2004). Assessing forest 

metrics with a ground-based scanning lidar. Canadian Journal of Forest 

Research. 34. p.pp. 573–583. 

Hosoi, F., Nakai, Y. & Omasa, K. (2013). 3-D voxel-based solid modeling of a 

broad-leaved tree for accurate volume estimation using portable scanning lidar. 

ISPRS Journal of Photogrammetry and Remote Sensing. 82. p.pp. 41–48. 

Houghton, R. a. (2005). Aboveground Forest Biomass and the Global Carbon 

Balance. Global Change Biology. 11 (6). p.pp. 945–958. 

Hussin, Y.A., Reich, R.M. & Hoffer, R.M. (1991). Estimating Slash Pine Biomass 

Using Radar Backscatter. IEEE Transactions on Geoscience and Remote 

Sensing. 29 (3). p.pp. 427–431. 

Hussin, Y.A., Reich, R.M., Hoffer, R.M. & Aperture, R. (1989). Effect of 

Polarization on Radar Backscatter in Relation To Slash Pine Stand Biomass 

Using Aircraft and Sir-B Data. Aperture. p.pp. 661–667. 

Hyyppä, J., Hyyppä, H., Yu, X., Kaartinen, H., Kukko, A. & Holopainen, M. (2008). 

Forest Inventory Using Small-Footprint Airborne Lidar. Topographic Laser 

Ranging and Scanning: Principles and Processing. p.pp. 335–370. 

Hyyppä, J., Kelle, O., Lehikoinen, M. & Inkinen, M. (2001). A segmentation-based 

method to retrieve stem volume estimates from 3-D tree height models 

produced by laser scanners. IEEE Transactions on Geoscience and Remote 

Sensing. 39 (5). p.pp. 969–975. 

IPCC (2003). Change Good Practice Guidance for Land Use , Land-Use Change 

and Forestry. Institute for Global Environmental Strategies for the 

Intergovernmental Panel on Climate Change. 

IPCC (2006). IPCC Guidelines for National Greenhouse Gas Inventories. In: Main. 

p. 12. 

Jung, S.-E., Kwak, D.-A., Park, T., Lee, W.-K. & Yoo, S. (2011). Estimating Crown 

Variables of Individual Trees Using Airborne and Terrestrial Laser Scanners. 

Remote Sensing. 3 (11). p.pp. 2346–2363. 

Kalliovirta, J. & Tokola, T. (2005). Functions for estimating stem diameter and tree 

age using tree height, crown width and existing stand database information. 

Silva Fennica. 39 (May). p.pp. 227–248. 

Kankare, V., Holopainen, M., Vastaranta, M., Puttonen, E., Yu, X., Hyyppä, J., 

Vaaja, M., Hyyppä, H. & Alho, P. (2013a). Individual tree biomass estimation 

using terrestrial laser scanning. ISPRS Journal of Photogrammetry and Remote 

Sensing. 75. p.pp. 64–75. 

 



157 

Kankare, V., Räty, M., Yu, X., Holopainen, M., Vastaranta, M., Kantola, T., Hyyppä, 

J., Hyyppä, H., Alho, P. & Viitala, R. (2013b). Single tree biomass modelling 

using airborne laser scanning. ISPRS Journal of Photogrammetry and Remote 

Sensing. 85. p.pp. 66–73. 

Kato, A., Moskal, L.M., Schiess, P., Swanson, M.E., Calhoun, D. & Stuetzle, W. 

(2009). Capturing tree crown formation through implicit surface reconstruction 

using airborne lidar data. Remote Sensing of Environment. 113 (6). p.pp. 1148–

1162. 

Kato, R., Tadaki, Y. & Ogawa, H. (1978). Plant biomass and growth increment 

studies in Pasoh Forest. 

Keeling, H.C. & Phillips, O.L. (2007). The global relationship between forest 

productivity and biomass. Global Ecology and Biogeography. 16 (5). p.pp. 618–

631. 

Kelbe, D., Romanczyk, P., Aardt, J. van, Cawse-Nicholson, K. & Krause, K. (2012). 

Automatic extraction of tree stem models from single terrestrial lidar scans in 

structurally heterogeneous forest environments. Proceedings of …. (September). 

p.pp. 1–8. 

Ketterings, Q.M., Coe, R., Van Noordwijk, M., Ambagau’, Y. & Palm, C. a. (2001). 

Reducing uncertainty in the use of allometric biomass equations for predicting 

above-ground tree biomass in mixed secondary forests. Forest Ecology and 

Management. 146. p.pp. 199–209. 

Korhonen, L., Vauhkonen, J., Virolainen, A., Hovi, A. & Korpela, I. (2013). 

Estimation of tree crown volume from airborne lidar data using computational 

geometry. International Journal of Remote Sensing. 34 (20). p.pp. 7236–7248. 

Koutar, P.J. & Spraggon, M. (2013). Exactly Measuring Tree Height. [Online]. 2013. 

Available from: http://www.monumentaltrees.com/en/content/measuringheight/. 

[Accessed: 25 February 2015]. 

Kraus, K. & Pfeifer, N. (1998). Determination of terrain models in wooded areas 

with airborne laser scanner data. ISPRS Journal of Photogrammetry and Remote 

Sensing. 53. p.pp. 193–203. 

Van Laar, A. & Akca, A. (2007). Forest Mensuration. In: Science. Springer, pp. 760–

761. 

Lefsky, M. a, Cohen, W.B., Parker, G.G. & David, J. (2002). Lidar Remote Sensing 

for Ecosystem Studies. 52 (1). p.pp. 19–30. 

Li, Y., Andersen, H.-E. & McGaughey, R. (2008). A comparison of statistical 

methods for estimating forest biomass from light detection and ranging data. 

Western journal of applied forestry. 23 (4). p.pp. 223–231. 



158 

Lima, C.S., Boeger, M.R.T., Larcher-de Carvalho, L., Pelozo, A. & Soffiatti, P. 

(2013). Sclerophylly in mangrove tree species from South Brazil. Revista 

Mexicana de Biodiversidad. 84 (4). p.pp. 1159–1166. 

Lovell, J.L., Jupp, D.L.B., Newnham, G.J. & Culvenor, D.S. (2011). Measuring tree 

stem diameters using intensity profiles from ground-based scanning lidar from a 

fixed viewpoint. ISPRS Journal of Photogrammetry and Remote Sensing. 66 

(1). p.pp. 46–55. 

Lu, D. (2005). Aboveground biomass estimation using Landsamt TM data in the 

Brazilian Amazon. International Journal of Remote Sensing. 26 p.pp. 2509–

2525. 

Lu, D. (2006). The potential and challenge of remote sensing‐based biomass 

estimation. International Journal of Remote Sensing. 27 (7). p.pp. 1297–1328. 

Lucas, R.M., Cronin, N., Lee, A., Moghaddam, M., Witte, C. & Tickle, P. (2006). 

Empirical relationships between AIRSAR backscatter and LiDAR-derived 

forest biomass, Queensland, Australia. Remote Sensing of Environment. 100. 

p.pp. 407–425. 

Luckman, A., Baker, J., Kuplich, T.M., Corina da Costa, F.Y. & Alejandro, C.F. 

(1997). A study of the relationship between radar backscatter and regenerating 

tropical forest biomass for spaceborne SAR instruments. Remote Sensing of 

Environment. 60 (96). p.pp. 1–13. 

Mallet, C. & Bretar, F. (2009). Full-waveform topographic lidar: State-of-the-art. 

ISPRS Journal of Photogrammetry and Remote Sensing. 64 (1). p.pp. 1–16. 

Maltamo, M., Eerikäinen, K., Pitkänen, J., Hyyppä, J. & Vehmas, M. (2004). 

Estimation of timber volume and stem density based on scanning laser altimetry 

and expected tree size distribution functions. Remote Sensing of Environment. 

90. p.pp. 319–330. 

Maltamo, M., Peuhkurinen, J., Malinen, J., Vauhkonen, J., Packalén, P. & Tokola, T. 

(2009). Predicting tree attributes and quality characteristics of scots pine using 

airborne laser scanning data. Silva Fennica. 43 (December 2008). p.pp. 507–

521. 

Metz, J., Seidel, D., Schall, P., Scheffer, D., Schulze, E.D. & Ammer, C. (2013). 

Crown modeling by terrestrial laser scanning as an approach to assess the effect 

of aboveground intra- and interspecific competition on tree growth. Forest 

Ecology and Management. [Online]. 310. p.pp. 275–288. Available from: 

http://dx.doi.org/10.1016/j.foreco.2013.08.014. 

Morsdorf, F., Meier, E., Allg, B. & Daniel, N. (2002). Clustering in Airborne Laser 

Scanning Raw Data for Segmentation of Single Trees. 

Muller-Landau, H.C. (2004). Interspecific and Inter-site Variation in Wood Specific 

Gravity of Tropical Trees. Biotropica. 36 (1). p.pp. 20–32. 



159 

Næsset, E. & Gobakken, T. (2008). Estimation of above- and below-ground biomass 

across regions of the boreal forest zone using airborne laser. Remote Sensing of 

Environment. 112. p.pp. 3079–3090. 

Nelson, R., Krabill, W. & MacLean, G. (1984). Determining forest canopy 

characteristics using airborne laser data. Remote Sensing of Environment. 15 (3). 

p.pp. 201–212. 

Nguyen, T.N. (2010). Estimation and mapping of above ground biomass for the 

assessment and mapping of carbon stocks in tropical forest using SAR data : a 

case study in Afram headwaters forest, Ghana. 

Niinemets, Ü. (1999). Components of leaf dry mass per area - thickness and density - 

alter leaf photosynthetic capacity in reverse directions in woody plants. New 

Phytologist. 144 (1). p.pp. 35–47. 

Ni-Meister, W., Lee, S., Strahler, A.H., Woodcock, C.E., Schaaf, C., Yao, T., 

Ranson, K.J., Sun, G. & Blair, J.B. (2010). Assessing general relationships 

between aboveground biomass and vegetation structure parameters for 

improved carbon estimate from lidar remote sensing. Journal of Geophysical 

Research. 115. p.pp. 1–12. 

Nix, S. (2014). The Tropical Rainforest - Questions and Answers. [Online]. 2014. 

Available from: http://forestry.about.com/cs/rainforest/p/rainforest_fact.htm. 

NRE (2011). Second National Communication to UNCFFF. Ministry of Natural 

Resources and Environment Malaysia. 

Ozcelik, R., Wiant, H. & Brooks, J. (2008). Accuracy using xylometry of log volume 

estimates for two tree species in Turkey. Scandinavian Journal of Forest 

Research. 23 (3). p.pp. 272–277. 

Parker, C., Mitchell, A., Trivedi, M. & Mardas, N. (2008). The Little REDD Book. 

Petrie, G. & Toth, C. (2008a). Introduction to Laser Ranging, Profiling, and 

Scanning. In: Topographic Laser Ranging and Scanning. [Online]. CRC Press. 

Available from: http://dx.doi.org/10.1201/9781420051438.ch1. 

Petrie, G. & Toth, C.K. (2008b). Terrestrial Laser Scanner. Citeseer. [Online]. p.pp. 

87–128. Available from: 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.112.9793&rep=rep1

&type=pdf. 

Pfeifer, N. & Briese, C. (2007). Geometrical Aspects of Airborne Laser Scanning 

and Terrestrial Laser Scanning. XXXVI. 

Pfeifer, N., Gorte, B. & Winterhalder, D. (2004). Automatic reconstruction of single 

trees from terrestrial laser scanner data. International Archives of 

Photogrammetry Remote Sensing and Spatial Information Sciences. 35 (B5). 

p.pp. 114–119. 



160 

Phuong, V.., Inoguchi, A., Birigazzi, L., Henry, M. & Sola, G. (2012). Tree 

allometric equation development for estimation of forest above-ground biomass 

in Viet Nam Part A - Introduction and Background of the Study. (October). p.pp. 

1–20. 

Picard, N., Saint-Andre, L. & Henry, M. (2012). Manual for building tree volume 

and biomass allometric equations From field measurement to prediction. 

Puttonen, E., Litkey, P., Liang, X., Kaartinen, H. & Kukko, A. (2010). Single Tree 

Canopy Projection Area Extraction from Single-scan Terrestrial Laser Scanner 

Data. In: Silvilaser 14th. 2010. 

Pyysalo, U. & Hyyppä, H. (2002). Reconstructing tree crowns from laser scanner 

data for feature extraction. 

Rahman, M.Z. a., Ibrahim, a. L., Menenti, M. & Gorte, B. (2011). Estimation of 

composite hydrodynamic roughness over land with high density airborne laser 

scanning data Estimation of composite hydrodynamic roughness over land with 

high density airborne laser scanning data. 

Rahman, M.Z.A., Gorte, B., Menenti, M. & Ibrahim, A.L. (2012). A generic 

approach in estimating vegetation density for hydrodynamic roughness 

parameterization using high density airborne laser scanning data. p.pp. 1–21. 

Rahman, M.Z.A., Majid, Z., Bakar, M.A.A., Rasib, A.W. & Kadir, W.H.W. (2015). 

Individual Tree Measurement in Tropical Environment using Terrestrial Laser 

Scanning. Jurnal Teknologi. 73 (5). 

Raumonen, P., Kaasalainen, M., Åkerblom, M., Kaasalainen, S., Kaartinen, H., 

Vastaranta, M., Holopainen, M., Disney, M. & Lewis, P. (2013). Fast 

Automatic Precision Tree Models from Terrestrial Laser Scanner Data. Remote 

Sensing. 5 (2). p.pp. 491–520. 

Reutebuch, S.E., McGaughey, R.J., Andersen, H.E. & Carson, W.W. (2003). 

Accuracy of a high-resolution lidar terrain model under a conifer forest canopy. 

Canadian Journal of Remote Sensing. 29 (5). p.pp. 527–535. 

Riaño, D., Meier, E., Allgöwer, B., Chuvieco, E. & Ustin, S.L. (2003). Modeling 

airborne laser scanning data for the spatial generation of critical forest 

parameters in fire behavior modeling. Remote Sensing of Environment. 86. p.pp. 

177–186. 

RIEGL Laser Measurement Systems GmbH (2014). RIEGL VZ-400. 

Saatchi, S.S., Harris, N.L., Brown, S., Lefsky, M., Mitchard, E.T. a, Salas, W., Zutta, 

B.R., Buermann, W., Lewis, S.L., Hagen, S., Petrova, S., White, L., Silman, M. 

& Morel, A. (2011). Benchmark map of forest carbon stocks in tropical regions 

across three continents. Proceedings of the National Academy of Sciences of the 

United States of America. 108 (24). p.pp. 9899–904. 



161 

Sambatti, J.B.M., Leduc, R., Lubeck, D., Moriera, J.R. & dos Santos, J.R. (2012). 

Assessing Forest Biomass and Exploration in the Brazilian Amazon with 

Airborne InSAR: an Alternative for REDD. The Open Remote Sensing Journal. 

5 p.pp. 21–36. 

Seidel, D., Albert, K., Ammer, C., Fehrmann, L. & Kleinn, C. (2013). Using 

terrestrial laser scanning to support biomass estimation in densely stocked 

young tree plantations. International Journal of Remote Sensing. 34 (24). p.pp. 

8699–8709. 

Seidel, D., Leuschner, C., Müller, A. & Krause, B. (2011). Crown plasticity in mixed 

forests — Quantifying asymmetry as a measure of competition using terrestrial 

laser scanning. Forest Ecology and Management. 261 (11). p.pp. 2123–2132. 

Singh, V., Tewari, A., Kushwaha, S.P.S. & Dadhwal, V.K. (2011). Formulating 

allometric equations for estimating biomass and carbon stock in small diameter 

trees. Forest Ecology and Management. 261 (11). p.pp. 1945–1949. 

Sithole, G. & Vosselman, G. (2004). Experimental comparison of filter algorithms 

for bare-Earth extraction from airborne laser scanning point clouds. ISPRS 

Journal of Photogrammetry and Remote Sensing. 59. p.pp. 85–101. 

Song, C. (2013). Optical remote sensing of forest leaf area index and biomass. 

Progress in Physical Geography. 37. p.pp. 98–113. 

Steininger, M.K. (2000). Satellite estimation of tropical secondary forest above-

ground biomass: Data from Brazil and Bolivia. International Journal of Remote 

Sensing. 21 (6). p.pp. 1139–1157. 

Strahler, A.H., Jupp, D.L.B., Woodcock, C.E., Schaaf, C.B., Yao, T., Zhao, F., Yang, 

X., Lovell, J., Culvenor, D., Newnham, G., Ni-Miester, W. & Boykin-Morris, 

W. (2008). Retrieval of forest structural parameters using a ground-based lidar 

instrument (Echidna). Canadian Journal of Remote Sensing. 34. 

Swenson, N.G. & Enquist, B.J. (2008). The relationship between stem and branch 

wood specific gravity and the ability of each measure to predict leaf area. 

American journal of botany. 95 (4). p.pp. 516–9. 

The REDD Desk (2012). REDD in Malaysia. [Online]. 2012. Available from: 

http://theredddesk.org/countries/malaysia. 

Thenkabail, P.S. (2004). Inter-sensor relationships between IKONOS and Landsat-7 

ETM+ NDVI data in three ecoregions of Africa. International Journal of 

Remote Sensing. 25 (August 2014). p.pp. 389–408. 

Thenkabail, P.S., Stucky, N., Griscom, B.W., Ashton, M.S., Diels, J., van der Meer, 

B. & Enclona, E. (2004). Biomass estimations and carbon stock calculations in 

the oil palm plantations of African derived savannas using IKONOS data. 

International Journal of Remote Sensing. 25 (August 2014). p.pp. 5447–5472. 



162 

Thies, M., Pfeifer, N., Winterhalder, D. & Gorte, B.G.H. (2004). Three-dimensional 

reconstruction of stems for assessment of taper, sweep and lean based on laser 

scanning of standing trees. Scandinavian Journal of Forest Research. 19. p.pp. 

571–581. 

UN-REDD Programme (2009). About REDD+. [Online]. 2009. Available from: 

http://www.un-redd.org/aboutredd/tabid/102614/default.aspx. [Accessed: 8 

December 2014]. 

Vazirabad, Y. & Karslioglu, M. (2010). Airborne laser scanning data for tree 

characteristics detection. ISPRS Istanbul Workshop. XXXVIII. p.pp. 11–14. 

Vonderach, C., Voegtle, T. & Adler, P. (2012). Voxel-Based Approach for 

Estimating Urban Tree Volume From Terrestrial Laser Scanning Data. ISPRS - 

International Archives of the Photogrammetry, Remote Sensing and Spatial 

Information Sciences. XXXIX-B8 (September). p.pp. 451–456. 

Watt, P.J. & Donoghue, D.N.M. (2005). Measuring forest structure with terrestrial 

laser scanning. (February 2015). p.pp. 37–41. 

Wehr, A. & Lohr, U. (1999). Airborne laser scanning—an introduction and 

overview. ISPRS Journal of Photogrammetry and Remote Sensing. 54. p.pp. 

68–82. 

West, P.W. (2009). Tree and Forest Measurement. 2nd Editio. 

Wiemannf, M.C. & Williamson, G.B. (2002). Geographic Variation in Wood 

Specific Gravity: Effects of Latitude, Temperature, and Precipication. p.pp. 96–

107. 

Witkowski, E.T.F. & Lamont, B.B. (1991). Leaf specific mass confounds leaf 

density and thickness. Oecologia. 88 (4). p.pp. 486–493. 

WWF-Malaysia (2013). Forest. [Online]. 2013. Available from: 

http://www.wwf.org.my/about_wwf/what_we_do/forests_main/. 

Xu, W., Su, Z., Feng, Z., Xu, H., Jiao, Y. & Yan, F. (2013). Comparison of 

conventional measurement and LiDAR-based measurement for crown 

structures. Computers and Electronics in Agriculture. 98. p.pp. 242–251. 

Yao, T., Yang, X., Zhao, F., Wang, Z., Zhang, Q., Jupp, D., Lovell, J., Culvenor, D., 

Newnham, G., Ni-Meister, W., Schaaf, C., Woodcock, C., Wang, J., Li, X. & 

Strahler, A. (2011). Measuring forest structure and biomass in New England 

forest stands using Echidna ground-based lidar. Remote Sensing of 

Environment. 115 (11). p.pp. 2965–2974. 

Zhao, K., Popescu, S. & Nelson, R. (2009). Lidar remote sensing of forest biomass: 

A scale-invariant estimation approach using airborne lasers. Remote Sensing of 

Environment. 113 (1). p.pp. 182–196. 



163 

Zhu, S., Huang, C., Su, Y. & Sato, M. (2014). 3D Ground Penetrating Radar to 

Detect Tree Roots and Estimate Root Biomass in the Field. p.pp. 5754–5773.  




